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Wide-Band Channel Sounding in the Bands Above 2GHz

Abstract

Modern telecommunication services require increasing data rates for both mobile and
fixed applications. At frequencies in the range 2.5 GHz to 6 GHz physical constraints on
the size of equipment result in antenna with moderate directivity typically with an antenna
beam width of 20 degrees or greater. Thus building and ground clutter is present within
the first Fresnel zones of the antenna system which gives rise to multi-path propagation.

This multi-path propagation (average delay and RMS delay spread) has been
investigated using a wideband FMCW channel sounder that is capable of operation at a
number of frequencies. The channel sounder has been based upon a parallel architecture
sounder operating within the 2 GHz band with a number of frequency conversion modules
to translate operation to the new frequency bands under study.

Two primary configurations have been explored. In the first of these, propagation
has been measured simultaneously within the 2.5 GHz, 3.4 GHz and 5.7 GHz bands. This
is believed to be novel and original. In the second configuration four parallel channels
operating within the 5.7 GHz band may be operated simultaneously. This configuration
supports multiple antennas at the receiver.

To support the work in the bands from 2.5 GHz to 6 GHz wideband discone
antenna have been designed and fabricated. A system to provide relative gain and phase
calibration for up to four antennas has been developed and demonstrated. This is also
believed to represent a novel method of performing antenna and array calibration.

Finally, the frequency converters have been used in conjunction with additional
components to provide an FMCW sounder operating within the 60 GHz Oxygen
absorption band. This work is novel in that up to 1 GHz of spectrum can be swept.

To support this work a significant number of microwave components have been
designed and developed. In particular a novel wide band balanced X3 multiplier and a
novel impedance-matched amplitude-equaliser (to provide amplifier gain-slope
equalisation) has been developed.

Channel soundings have been performed at three frequencies simultaneously using
band specific and common antenna. The average delay and RMS delay spread have been

demonstrated to be essentially frequency independent for the environments evaluated.
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Chapter 1: Thesis Introduction and Overview

1.1 Introduction

Modern communication networks are migrating to a packet based rather than circuit
based transport since this is advantageous in supporting multiple users and different
types of service efficiently whilst exploiting statistical multiplexing. In simplistic terms
the service to a single user is delivered via a packet of data delivered at high
transmission speed with significant spacing between packets to that user. In this time
however the network resources can be made available to other users to support their

interconnection.

A consequence of this is that the access network is required to support increasingly
higher connection rates. In some media (for example optical fibre), the intrinsic
bandwidth is such that the transport of high data rates can be provided using simple
forms of modulation and coding. In other media (for example twisted pair {ADSL} or
coax {cable modems}), the high signal to noise ratio and the stable time variant
behaviour of the infrastructure allows high order modulation schemes to be utilised to
deliver high bit rates with moderate transmission bandwidth. One disadvantage of all
the above is that some form of physical infrastructure is required to facilitate the
physical transmission path to the end user. In some locations the tele-density may be too

low to make this viable, or the geographical terrain may make this impossible.

In these circumstances the provision of the interconnection without using wires
represents the only solution. Two solutions are considered to be viable at this time, free

space optics and fixed wireless access.

Here, topics pertinent to fixed wireless access have been explored. In particular the
work presented here is based upon the extension of the FMCW channel sounding
technique into the frequency bands above UMTS using both linear (heterodyne and

amplify) and non-linear (multiplier based) up-conversion.

The work has been segmented into the bands between 2 and 6 GHz and the 60 GHz
band since each are able to support differing aspects of the interconnection problem

using non-licensed or lightly licensed spectrum.
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It is anticipated that the bands below 6 GHz represent useful candidates to provide high
bit rate services (up to 20 Mbit/sec per channel) without having to utilise MIMO
techniques [1.1]. One of the characteristics of these bands is that the system gain that
can be provided economically within the equipment is sufficient to support non line of
sight and near line of sight over practical distances. In addition, the general
development order (GDO) [1.2] imposes limits on the size of terminal equipment that
can be installed without seeking planning permission. This places a size restriction on
the antenna that can be used {the maximum permitted linear dimension is 50 cm with a
maximum projected surface area of 1591 cm?}. This provides a minimum 3dB beam
width in the region of 10 to 20 degrees in azimuth and elevation. A consequence of this
is that many links will have clutter within the first Fresnel zones of the path and thus
even apparently line of sight links will exhibit non line of sight (NLOS) frequency

selective behaviour.

To increase the availability of a link, a number of strategies can be employed. Firstly a
“brute force” approach can be used to raise the available signal to noise ratio on the link
by increasing the transmitter power. This strategy is counter productive in that raising
the level for this link impacts other links in adjacent territories due to interference. In
any case regulatory limits on the transmitter effective isotropic radiated power (EIRP)
have been imposed by legislation [1.3], [1.4]. In the UK power limits of 100 mW EIRP
are stipulated in the 2.4 GHz band rising to 1 W EIRP in the 5470 to 5725 MHz bands.

Some forms of space-time diversity may be included [1.5].

Additionally here, it has been postulated that using two frequencies in significantly
different frequency bands may allow the link availability to be enhanced whilst using
low transmitter power. This form of spectral diversity may be a very practical technique
for operation in the un-licensed or lightly licensed bands since the cost of spectrum is
small and generally low power limits have been imposed on the bands by regulation.
Additionally this form of “super-diversity” may also provide local interference
mitigation. Investigation of the simultaneous behaviour of representative wideband
channels across the 2.5 GHz, 3.5 GHz and 5.8 GHz has been facilitated using the “three

band sounder” configuration, designed and implemented during the course of this thesis.
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A variety of channel sounding techniques could have been utilised to provide
information about the frequency selective nature of the channel [1.6]. In this case, the
choice of methodology was somewhat moot since the base “UMIST parallel
architecture” sounder has been used to provide the FMCW source for the transmitter
and correlating receiver along with the multi-channel signal conditioning and data
acquisition system. The FMCW technique provides a number of advantages that have
been exploited and extended within the work. The spectrum spreading has been used to
provide enhanced system gain in conjunction with resistance to interference from
signals within and adjacent to the channel under study. The non-linear (constant
envelope) modulation used at the transmitter has been exploited in maximising the
available power from the transmitter devices. This is particularly appropriate for the 60
GHz sounder which also exploits the constant envelope FMCW modulation within

multiplier structures to increase both the frequency of operation and the sweep width.

A parallel four channel down converter has been produced to enable simultaneous
operation in the 2.3 GHz and 5.7 GHz bands for SIMO and MIMO measurements [1.7].
This work was supported by hardware design and assembly.

In contrast to the sub 6 GHz bands, the bands above 60 GHz represent an excellent
choice for very high bit rate radio links. Further, these links can utilise highly power
efficient modulation since the available bandwidth is sufficient to allow spectral
efficiencies of ~ 1bit/sec/Hz to be used. Spectrum is however still used efficiently since
the links use directional antennas which provide spatial isolation between the links. At
60 GHz in particular oxygen absorption restricts the maximum link distance to ~1.6 km
with on-antenna-beam re-use possible within twice this distance. To facilitate longer
links that retain the high bandwidth additional spectrum above the oxygen absorption
has been made available at 70 GHz paired with 80 GHz. At this frequency links up to ~
5 km are feasible. At the millimetric frequencies the channel sounder has been
developed to investigate channel behaviour for very high bandwidths (up to ~ 1 GHz) in
addition to providing operation in the high frequency bands.
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A general approach to FMCW millimetric channel sounders has been explored using
non-linear multiplication. A specific sounder operating in the 60 GHz oxygen
absorption band has been assembled using a X4 multiplier. Spectrum has been allocated
in the 60 GHz band [1.8] to provide short range links that benefit from the additional
attenuation so that spectrum can be re-used at short distances. Additional spectrum has
been allocated in the 70/80 GHz bands [1.9] to allow longer links. Both of these
allocations are significant and different to those at other bands in that contiguous
channels of 1250 MHz (and up) have been made. This is sufficient to support very high
bit-rates with simple forms of modulation and coding. These bands are now being
commercialised [1.10] with systems providing radio based Gigabit Ethernet
connectivity that otherwise could only be supplied using fibre optic cables or free-space
optics. This sounder can be extended into additional frequency bands by changing the
multiplication ratio, for example into the 32 GHz band using X2 or the 110 GHz band
using X6 multipliers. Satisfactory phase noise performance has been demonstrated to

support this work.

1.2 Organisation of the thesis

Chapter 2 includes a review of the propagation of radio signals in a scattering
environment. The use of the power delay profile is explored as are the basic parameters

to be measured and presented.

Chapter 3 reviews the options for wideband channel sounding. The swept correlation-
impulse sounder and network analyser techniques are presented and contrasted prior to a

more thorough presentation of the FMCW chirp technique.

Chapter 4 presents the configuration of the new sounder configurations; simultaneous
three-band, 5.7 GHz parallel down-converter and 60 GHz. This chapter also provides a
detailed review of the new hardware that has been designed and fabricated to support
this work. This chapter also documents the concepts that were modified or abandoned
during development and enhancements made to the base sounder. The antenna

calibration phase-tracking down-converter and the survey vehicle are also described.
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The general level of the signal available at the receiver is also reduced as a function of
distance. This follows a log-normal distribution due to the free space transmission loss
and additional losses introduced by obstacles and reflections in the propagation
environment. This general reduction in signal level with increasing transmitter to

receiver separation is termed “large scale” fading.

When the received signal includes a number of signal components the relative phase of
the individual components may vary rapidly with small changes in distance (on the
order of one wavelength). The signal level may vary significantly over the small change
in distance particularly where signal components null due to destructive cancellation.

This is termed “small scale” fading.

The resultant signal at the receiver may either have a dominant component due to a
strong line of sight or coherent specular reflected component or, may be formed without
a single dominant component. Where no dominant component is present the signal
exhibits Rayleigh statistics. When a dominant component is present the signal exhibits
Ricean statistics [2.1].

At a specific location, the phase of the signal components arriving at the antenna will
vary as the wavelength changes. Therefore the net signal amplitude varies as a function

of frequency. Thus the channel also exhibits frequency selective behaviour.

2.2 Propagation mechanisms in the cluttered environment

The measurements in the 2.5 GHz to 5.7 GHz bands have been limited to transmission
distances of less than 5 km. For these conditions the effects of absorption due to
atmospheric gases and rain attenuation are negligible. At 60 GHz the measurements
have been limited to transmission distances of ~100 m under dry conditions. The

additional path attenuation due to Oxygen absorption is limited to 2 dB maximum.

The channel sounder can be used to provide signal level information to allow the large

scale fading to be observed and quantified. Numerous models have been developed to
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fit the observed data. However, this aspect of propagation has not been pursued within
this research project which has concentrated on the time-dispersion of the signals due to

multi-path propagation.

The primary propagation mechanisms considered here are:

e The “line-of-sight” transmission loss of direct components
e Reflection from the surface of obstacles

e Diffraction around obstacles

e Transmission through obstacles

e Refraction in the atmosphere

2.3 Line-of-sight transmission

The signal level tends to reduce as the distance of the receiver from the transmitter is
increased. This is due to the energy per unit area available to the receiver being reduced
as the distance from the source increases. In a free space environment this reduction in
signal level would exhibit an inverse square law. This form of free space propagation
can only occur when there is only a single direct transmission path. Point to point
microwave links with highly directional antenna and satellite links exhibit this type of
propagation. This is described by Friis’s equation [2.2]:

Pr 2
o= GIGr [ﬁ] @.1)
Where: P is the power available at the receiver

P is the power delivered from the transmitter
Gr is the transmit antenna gain
Gr is the receiver antenna gain

d is the separation, f is transmission frequency

From this it is noted that;
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e the transmission loss is proportional to the frequency squared
o the transmission loss is proportional to distance squared

o the transmission loss is reduced by the gain (directivity) of the antennas

Where the propagation path includes both a direct path and a strong component that is
reflected from the ground Parsons [2.2] demonstrates that Friis’s equation can be

modified to become the “plane earth propagation equation”:

2
% = GTGR[thIé’f} (subject to d >> hr.hr) (2.2)
Where: h; and h; are the antenna heights at the transmitter and receiver
From this, it is noted that:

the path loss is predicted to be independent of frequency

the transmission loss is proportional to the fourth power of distance

the transmission loss is reduced by the antenna height squared

the transmission loss is reduced by the gain (directivity) of the antennas

2.4 Reflection from obstacles

When the radio signal is incident upon an obstacle in the environment the signal will be
both reflected from and refracted into the surface of the obstacle. The proportions of the
signal that are reflected and refracted depend upon the angle of incidence of the
incoming signal and the refractive index. When the surface irregularities are small
relative to a wavelength, specular reflection occurs. For surfaces that exhibit irregularity

that is comparable or greater than a wavelength the reflection becomes diffuse.

Buildings, foliage, vehicles and the topology of the land are typical examples of
obstacles that occur within the propagation environment.
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When the electric field of the reflecting signal is parallel to or orthogonal to the
reflecting surface, the phase of the signal is inverted however the plane of polarisation
of the signal is preserved. The phase inversion is a particular problem for digitally
modulated systems since the phase inversion causes the sense of the modulation to be
inverted. If “non-minimum phase” multi-path is possible, where the reflected signal

could be larger than the direct path, then it is necessary to use differential signal coding.

When the plane of the reflecting surface is not normal to the incoming signal then
conversion between planes of polarisation will occur. (This aspect of multi-path
propagation has been exploited in cellular networks where polarisation diversity is used
for base station antennas. Also, when strong reflections are anticipated for example in
news gathering links, circular polarisation is used since the reflected signal now has

opposite polarisation and is discriminated by the antenna.)
2.5 Diffraction around obstacles

The radio signal can also propagate behind obstacles in the environment due to

diffraction at the boundaries of the obstacle.

The description of this mode of propagation is generally developed using the Huygen’s
construction which states; “Each point on a primary wave-front serves as the source of
spherical secondary wavelets that advance with a speed and frequency equal to those of
the primary wave. The primary wave-front at some time later is the envelope of these

wavelets” [2.3]

The Huygen’s construction was originally developed in the 18™ century to account for
optical reflection and refraction. Fresnel subsequently modified the construction so that
the new wave-front was calculated including the relative amplitude and phases of the
wavelets. This modification allows the construction to describe optical diffraction in

addition to reflection and refraction.
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The Fresnel-Kirchoff diffraction parameter (v) is described by:

A +dy)
=h |— 2 2.3
v=h"Ada, 3)

Where h, d; and d; are as defined in figure 2.3 above and A is the wavelength of the
signal.

The path clearance parameter “h” is the separation of the obstacle from the centre of the

path between the antennas.

The diffraction loss can be evaluated using the complex Fresnel integral. This has been
approximated by Lee [2.6] for path clearance parameters of “h” = -0.8 and above.
Negative values of “h” represent clearance from the blockage to the centre of the path
between the antennas. When the obstacle extends to the centre of the path, this
represents “grazing” incidence, for which the excess path loss is 6 dB. At values below
“h” = -0.8 the solution to the Fresnel integral is oscillatory with an amplitude of ~1 dB
and is considered to be not relevant here. The excess path loss due to diffraction is

presented in figure 2.4 based on Lee’s approximation:

L, =-2010g(0.5-0.62v) for 0.8 <v <0 (2.4)
L, =-20log[0.5exp(-0.950)] for0<v<1 (2.5)
L,,=-20log[0.4—[(0.1184—{0.38—0.10})]  for1<v<2.4 2.6)
L, =-20log(0-225/) forv> 2.4 Q.7)
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Sycamore, 42m, no leaf 55 80 dB
Maple, 5m, in leaf 20 35 dB
Maple, 41m, in leaf 35 60 dB
London Plane, 5m, in leaf 20 40 dB
London Plane, 42m, in leaf 35 60 dB

Table 2.4 Summary of attenuation due to trees

Rappaport [2.8] has reported measured losses for common building materials at 1,300
MHz. He reports losses of 13 to 20 dB for a concrete block wall, loss between two
floors in the range 20 to 30 dB and losses of 40 to 50 dB for transmission between a

wall and two floors.

2.7 Atmospheric refraction

Under some circumstances the signal propagation can be modified by refraction. This is
due to the change in refractive index of the atmosphere close to the ground. In particular
when a temperature inversion occurs, the refractive index varies with height such that
the signal is “guided” and does not diverge with vertical distance. This can provide a
short term “up-fade” to the signal. Where the direct signal interacts with any ground
reflection this can also cause signal cancellation resulting in a reduction in signal
strength at the antenna. This is a particular problem for high availability microwave

links over water and can only be mitigated using antenna / path diversity techniques.

It would be useful to consider this type of anomalous propagation where interference
between co-frequency networks could occur. (This problem does occur for terrestrial

television between continental Europe and the south east of the UK).

2.8 The Doppler shift

Any movement of either, the transmitter, receiver or the elements responsible for multi-
path in the environment will introduce Doppler shift to the signal and / or its

components. Where the movement is shortening the path, the Doppler shift will be
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The power delay profile can be used to determine the degree of time dispersion present
in the channel for the measurement location. For the duration of the measurement it is
necessary to restrict any shift in position such that only “small scale” fading effects are
being observed. Rappaport [2.8] suggests distances of <2 m for indoor and < 6 m for

outdoor measurements in the 450 MHz to 6 GHz frequency range.

The power delay profile can be used to derive parameters which describe the time
dispersion characteristics of the channel and that can be used to make informed system
design choices. Useful channel descriptors include; the average excess delay, the RMS
delay spread and the delay interval. These descriptors are related to a specific range of
signal components which are referenced to the peak of the power delay response. The

descriptors change as the threshold is reduced (to include more signal components).

The excess delay is defined as the delay present in the signal that is above the
propagation delay for the direct signal component. The point at which the power delay
profile crosses the threshold is used to define the propagation delay {t(} for the direct
signal component, since this arrives first it represents the component that has the
shortest possible path at that power threshold value. The average (mean) calculation is
performed up to the point at which the power delay profile finally falls below the
threshold value {tq)}.

(1))

ItP(,)dt
_ v
Dp = (2.8)
IQ,)dt

0y

The RMS delay spread (S,) is calculated for the excess delay components relative to the

mean value.

1y
I (t=-DY P .dt

)
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The delay interval (I,) represents the time interval from when the power delay profile

makes the first transition up through the threshold until it makes the final transition

down through the threshold.
Ip =(t(1) —t(o)) (2.10)
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3.1 Introduction

The characteristics of the radio channel can be explored by sounding the channel. This
can provide data from which descriptive parameters such as path loss, multi-path delay
and frequency selectivity as a function of location and time may be derived. The data
used to characterise the channel can be derived from measurements performed in either

the time domain or the frequency domain.

The impulse response of the channel can be directly observed in the time domain using
a pulse that has a width which is narrow relative to the delayed echoes within the
channel. The frequency transfer characteristic of the channel can be computed from the
impulse response using the inverse Fourier transform. Alternatively the frequency
transfer characteristic of the channel can be measured in the frequency domain. The

impulse response may then be derived from this data using the Fourier transform.

Several approaches to performing frequency domain measurements are presented in this

chapter in conjunction with a discussion of several impulse sounding techniques.

The FMCW technique that has been utilised to support this research project is presented
in more detail along with the primary functional parameters of the sounder

configurations used.

Frequency domain methods

3.1 Stepped Narrow Band CW Measurements

The channel frequency transfer function may be approximated by performing a series of

consecutive narrowband CW measurements spaced across the channel.

Matthews and Molkdar [3.1] implemented this approach by stepping across the channel
under study in 50 kHz and 200 kHz steps. At the time that this work was performed it

was time consuming to step the signal sources and impractical to co-ordinate the

3-1



Chapter 3: Wideband Channel Sounders

switching at both the transmitter and the receiver. This precluded mobile measurements.
Thus no Doppler shift information was recovered and hence no angle of arrival
information was derived. Therefore no identification of significant single scatterers was

possible.

Subsequently, Purwaha et al [3.2] used a spectrum analyser with an associated down-
converter as the receiver to perform swept frequency domain measurements at 59.9
GHz with a sweep width of 100 MHz. In this implementation the generator and the
spectrum analyser was incremented in 100 KHz steps and the data from the spectrum

analyser was recorded on a laptop via a GPIB link.

3.2 Swept channel measurement using a spectrum analyser as receiver

The real component of the channel frequency transfer characteristic can be obtained
directly by exciting the channel and recording the signal available at the receiver using a

spectrum analyser with “max-hold” facility.

The channel can be excited with either a PRBS source or from a swept CW source for
example from a microwave sweep oscillator. The source is required to have an
amplitude that is constant as a function of frequency across the channel. Otherwise
some form of “normalisation” is required. The PRBS signal generation method
produced a spectrum that exhibits a (sinx)/x envelope which must be equalised to

provide a “flat” amplitude characteristic over the channel.

A major disadvantage of this technique is that the measurement time is significant in the
range of 10s to 1000s of seconds. Thus the time variant behaviour of the channel cannot
usefully be observed. This also precludes mobile measurements. This approach also
only provides magnitude information. No phase information is recovered from this type
of measurement.

An additional problem is that the measurement records the peak amplitude due to all
signals present in the channel. This restricts the use of this technique to channels that do

not include interfering signals within the observation bandwidth.
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3. 3 Swept channel measurement using a network analyser

The channel frequency transfer characteristic can also be obtained directly using a
network analyser. This is not entirely surprising since providing the frequency transfer

characteristic of a network is exactly what the network analyser is intended to do!

Two forms of network analysers are in general use, the scalar analyser and the vector
analyser. For both types of system, the recording display and the frequency of the
source need to be synchronised. This technique is therefore most applicable to moderate
distances between the transmitter and the receiver since interconnection between the

transmitter and the receiver is necessary.

The scalar network analyser uses a swept source to excite the network (channel) in
conjunction with a broadband power detector as the sensing element (receiver). This
type of system can provide sampling at up to ~ 20 sweeps per second and is capable of
operating over a very wide range of frequencies (limited only to the frequency range of
the available sources and detectors). Since the detector does not have frequency
selectivity (to reduce the detection bandwidth) and has a limited peak signal capacity
the dynamic range for directly utilising the scalar analyser is limited to approximately
80 dB (-60 to +20 dBm). As the detector operates on the envelope of the signal receiver
this type of network analyser does not provide phase information and is not therefore
able to provide Doppler information. The scalar analyser detector does not provide any
discrimination against interference. It can only be used therefore in scenarios where the
only signals present within the detection band have been generated to facilitate the
measurement. The primary advantage of the scalar network analyser is that only one
signal is required to be passed between the transmitter and the receiver. This is the
sweep input to the transmitter from the scalar processing display. This is a low
bandwidth, low frequency signal and can be transferred over significant distances using
coax. (In principle this signal could be derived using two rubidium stabilised references
as has been used in the FMCW chirp sounder). This type of equipment is frequently

used to investigate the frequency selective and spatial behaviour of antennas.
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The vector analyser makes use of coherent sampling of the signal at the receiver. This
sampling system facilitates a reduction in processing bandwidth as well as recovery of
the phase relationship between the transmitted and received signals. A dynamic range of
up to 110 dB can be achieved for narrow IF bandwidths. While it is possible to recover
the phase relationship between the transmitter and the receiver, the Doppler that may be
observed is restricted to % of the sweep repetition rate which is typically less than 10
sweeps / second. The main limitation in using the vector analyser to perform channel
sounding is that a sample of the transmit signal is required at the network analyser
processor to provide the reference for phase and frequency tracking. This signal is at the
operating frequency and thus it becomes difficult to extend the separation between the

transmitter and the receiver.

The network analyser approach does however represent a practical method of sounding
an ultra wideband channel for a static environment where some form of interconnection

is practical between the transmitter and the receiver.

Nobels et al [3.3] used a vector network analyser to make indoor measurements at 2
GHz, 5 GHz and 17 GHz with a bandwidth of 500 MHz. The measurement distance was
limited to 25 m due to the transmitter to receiver interconnection cable. The impulse
response was computed by performing an inverse Fourier transform on the frequency
domain data. The results claimed a time domain resolution of 1 ns based on the use of a
1024 point FFT. Thus appears erroneous since the sweep bandwidth was only 500 MHz.
The results and analysis presented show a decrease in the RMS delay spread as a

function of frequency.

Yang et al [3.4] used a vector network analyser to perform indoor measurements at 57
GHz to 61 GHz. Transmission measurements (S21) were made and the impulse
response was then derived by performing the inverse Fourier transform of the frequency

domain data.
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Time domain based channel sounding

3.4 Periodic pulse sounding measurements

Periodic Pulse Sounding

nlVAVAV f AVAVAVL

Figure 3.2 Periodic Pulse Sounding

In the periodic pulse sounding technique, the channel is excited using a short duration
RF pulse (an approximation to the Dirac delta function). The pulse is repeated on a
regular basis with a pulse separation that is sufficient to allow all the echo components
to be recorded before the next channel excitation pulse. However the pulse repetition
rate needs to be sufficiently high to allow the time variant behaviour of the channel to
be observed. The bandwidth requirements of the receiver and any data acquisition are

inversely proportional to the duration of the pulse.

Refer to figure 3.2. The pulse duration (t) determines the range resolution. The pulse
repetition interval (T) determines the range of delays which can be unambiguously
resolved. The PRF = 1/T. The observable Doppler shift is limited to 'z of the channel
sampling rate. This is the PRF / 2.

This approach was employed by Young and Lacy [3.5] at 450 MHz with a spatial
resolution of 150m. This utilised a 0.5 us duration pulse. Other studies have been
performed with shorter pulses (down to 50ns) [3.6] and at higher frequencies (up to
2920 MHz) [3.7].
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The unfiltered RF spectrum for the PRBS and FMCW transmitters are shown in figure
3.3. If it is necessary to restrict the out-of band transmission of the PRBS sounder the
signal can be filtered since the output spectrum will have a (sinx)/x distribution.
Practically, the spectrum filtering may be implemented using a low-pass structure prior
to the modulator or as a band-pass filter at the carrier frequency. However, introducing
band limiting requires that the operating power level of the transmitter is reduced to
prevent spectrum re-growth. As the excess bandwidth is reduced, the peak to average
ratio of the transmit signal increases. For a defined amplifier peak output, the average

power of the transmitter needs to be reduced to prevent “clipping”.

In comparison, the FMCW spectrum does not require further spectrum shaping to
provide band-limiting. The transmit amplitude is constant and therefore the output of
the transmitter can be hard limited without introducing additional close-to-band spectral
components. The FMCW transmitter can therefore be used with non-linear elements, for

example heavily compressed amplifiers and frequency multipliers.

The spatial resolution of the PRBS sounder is defined by the “chip” rate, which is the
clock rate for the PRBS sequence. The repeat length of the PRBS sequence defines the

maximum unambiguous range that can be resolved.

The spatial resolution of the FMCW sounder is defined by the sweep width. It is
however also necessary to include a window function to reduce the level of side-lobes
which occur in the FFT process due to “spectral leakage”. Spectral leakage is due to the
output of the FMCW correlator being discontinuous relative to the sample period.
Typically a Hamming window is utilised which expands the width of the main lobe to
1.8 bins at -6dB. The side-lobes in the output frequency (delay) domain are reduced to
-43 dB. Other window functions can be used, however this introduces different trade-
offs between the side-lobe level and main-lobe width expansion. This is discussed in
detail by Harris [3.8]
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Most researchers appear instead to have implemented a “swept time-delay” cross-
correlation (STDC) technique. This uses a single correlator at the receiver which then
needs to be shifted in time This approach was pioneered by Cox [3.9]. In this
implementation the transmitter and receiver PRBS “m” sequences were clocked at a
slightly different rate. Cox used clocks of 10 MHz and 9.998 MHz to clock 511 state
sequences in his equipment. This causes the two sequences to drift past each other at a
pre-determined rate which allows all possible time-alignments between the two
sequences to be explored. The time scaling reduces the bandwidth of the output signal
which simplifies the data acquisition and storage requirements. For this example, the
maximum signal bandwidth is now 2 kHz which requires a minimum sample rate of 4
ksamples / sec. However, the time to probe the channel is also increased. This imposes a
restriction on the channel sampling rate and therefore the maximum observable Doppler
frequency. Cox restricted the range of observable delays to 15 us instead of 51.1 us by
resetting the receiver correlator every 75 us. This improved the channel sample rate to

13.3 Hz. This provided an observable Doppler frequency range of +/- 6 Hz.

To recover the complex impulse response of the channel phase information is derived
by performing quadrature sampling. This requires two channels of measurement “I”” and

“Q” from which both the magnitude and phase information can be derived:
Amplitude, 4=+/I* +Q? 3.1
Phase, ® = tan™' (%) (3.2)

The PRBS transmitter and STDC technique has been used at a variety of frequencies.

Nche et al [3.11] used this technique to perform soundings with a 30 MHz bandwidth at
1.8GHz. Smithson [3.12] and Glover [3.13] produced a sounder for operation at 2 and 5
GHz. This sounder was reported to have a time resolution of 10 ns with a measurement
time of 5 ms. Mohamed et al [3.14] have reported this technique at 62.5 GHz. This

system operated with a PRBS clock rate of 1.2 GHz to provide a theoretical resolution
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of 25 cm. The sequence length was 127 giving a maximum delay range of 105.8 ns
(31.75 m). However the results presented demonstrated only 20 dB of signal to noise

ratio.

Finally, the matched filter can be implemented using a series of delayed versions of the
received signal that are then combined with appropriate weighting. This can by
implemented using a SAW filter. This technique was used by Bajwa and Parsons [3.15]
to evaluate multi-path behaviour at 436 MHz. However the practical manufacturing
limits for the SAW filter introduce limits to the degree of correlation that can be
achieved. These correlation impairments provide a limit to the instantaneous dynamic

range and also introduce side lobes which appear on the correlated signal at the output.

3.7 The FMCW channel sounding technique

The FMCW sounder is based on a frequency “chirp” which is used to probe the
channel. The chirp is a linear change in frequency over a bandwidth of B Hz in time T
sec. The sense of the frequency sweep can be positive (frequency increasing with time)
or negative (frequency decreasing with time). In practice both senses are used within
this project due to frequency inversion which occurs in the frequency converters. The
base channel sounder has a negative sense. This is inverted by the up-converter so that
the transmitted signal has a positive sweep. This is then converted back to a negative

sense sweep by the down-converter.

The chirp has been produced using a direct digital frequency synthesiser (DDFS) and
up-converter as shown in figure 3.5. This uses a clock rate of 1.6 GHz and is capable of
providing a maximum output frequency of 390 MHz. The output from the DDFS is up-
converted to the 2 GHz band using a heterodyne mixer. The local oscillator is derived
from a synthesiser. A band-pass filter at the output is used to select the lower sideband
and to provide rejection of the local oscillator leakage signal. The filter rejection
characteristic requires that the minimum input frequency to the base sounder IF up-

converter is 130 MHz. Thus the practical maximum chirp bandwidth is 260 MHz.
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The amplitude of the beat is directly proportional to the amplitude of the multi-path

component at that propagation delay.

For a fixed range of beat frequencies it can be seen that the range of delays that can be
instantaneously observed is inversely proportional to the sweep rate. This provides
limits to the range of propagation distances that can be observed within the power delay
window. For the output range of 30 kHz to 250 kHz from the heterodyne detector, this

is summarised in table 3.1 below.

Sweep Rate
SRF (Hz) | AF (MHz) Trmin Tmax At A (m)
(GHz/sec)
250 10 2.5 12 us 100 us 88 us 2640
250 150 37.5 0.8 us 6.67 us 5.87 us 1760
250 260 65 0.46 us 3.85us 3.39 us 1015
250 1040 260 115 ns 962 ns 846 ns 253

Table 3.1 Instantaneous observable delay range and corresponding path lengths
The Doppler frequency range is determined by the rate at which the channel is sampled.
For the FMCW sounder the channel is sampled at the sweep repetition frequency (SRF).

With an SRF of 250 Hz the unambiguous Doppler frequency range is +/- 125 Hz.

The velocity (v) that produces a Doppler shift (F) at carrier frequency (f) is:
F
v=c— (m/s) B4
S

The frequency specific parameters of the channel sounders developed to support this
research program are depicted in table 3.2. Note that as the processing bandwidth is
constant for all versions of the sounders, variations in the noise floor are determined by

the down-converter noise figure.
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Parameter 2.5 GHz 3.5 GHz 5.7 GHz 61 GHz
Transmit power +20 dBm +20dBm | +20dBm | +7dBm
Noise Floor -141 dBm -143dBm | -143dBm | -133dBm
System Gain 161 dB 163 dB 163 dB 140 dB
Dynamic Range at -90 dBm >40 dB >40 dB >40 dB >30dB (1)
Sweep Repetition Frequency 250 Hz 250 Hz 250 Hz 250 Hz
Doppler range +/-125Hz | +/-125Hz |+/-125Hz | +/-125Hz
Velocity 15 m/s 11.2 m/s 6.7 m/s 0.6 m/s
Velocity 54 km/hr 40 km/hr 24 km/hr | 2.1 km/hr
Table 3.2 Frequency Dependent Sounder Parameters

(1) The value reported here is based on the homodyne calibration measurements

reported in chapter 5. The data set used in chapter 6 used an alternative configuration

which exhibits close-in spurious which restricts the dynamic range to approximately 20

dB.
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Chapter 4

Description of the new experimental hardware

4.0 Introduction

Three configurations of channel sounder have been explored within this research

project.

o Configuration 1 provides simultaneous operation at three frequencies within the
bands 2.3 GHz to 2.7 GHz, 3.3 GHz to 4.5 GHz and 4.5 GHz to 6.0 GHz.

o Configuration 2 provides simultaneous operation of four parallel receiver
channels within the band 4.5 GHz to 6.0 GHz.

o Configuration 3 provides a single channel sounder that operates within the 60

GHz oxygen absorption band with up to 1 GHz of channel width.

The sounder used in the present study has been designed and implemented to operate in
the 2 GHz band with parallel receive channels and transmits an FMCW chirp within the
band 1.8 GHz to 2.2 GHz. In this study the original sounder transmitter has provided the
IF for the up-converter to move to the higher frequency bands. Similarly the parallel
architecture receiver and associated data acquisition system [4.1] are used as the IF for
the down-converters for operation at 2.5 GHz, 3.4 GHz and 5.7 GHz. The 60 GHz
system further builds on the 5.7 GHz frequency converters. By using frequency
multipliers operating from an IF in the 15 GHz band, the sweep bandwidth and carrier
frequency are multiplied by four to generate up to ~1 GHz of sweep in the 60 GHz
band.

An overview of the equipment arrangement for the three configurations is described in

figure 4.1 below.
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For all configurations the frequency conversion modules are housed in 3U * 19” rack
frames, one for the transmitter and one for the receiver. The final 60 GHz up-converter
is housed within a small die-cast enclosure that can be fitted directly to the 60 GHz
transmit antenna to minimise transmission losses. The 60 GHz down-converter is
similarly housed within a die-cast box to facilitate direct connection to the 60 GHz

receive antenna to minimise transmission losses.

Both racks include a module that provides the power supply, 10 MHz reference
distribution and programming of the PLL sources. The rack also includes a low phase
noise OCXO based 10 MHz reference which can be utilised to provide independent
operation. An auxiliary synthesiser output is also included to provide a low phase noise

source to the base channel sounder to translate the DDFS signal into the 2 GHz band.

The frequency conversion racks in conjunction with the internal reference have been
used for antenna measurements. This mode has also been used to perform simultaneous
CW path loss measurements in the 2.5 GHz, 3.4 GHz and 5.7 GHz bands using a

spectrum analyser as the receiver IF at 2 GHz.

The auxiliary sources can also be utilised to provide an additional offset between the
sweep signals. This can be utilised in the 60 GHz system which uses an IF of
approximately 12.5 MHz to minimise the contribution of 1/f noise from the GaAs

devices in the 60 GHz receive mixer.

The 5.7 GHz four channel down-converter was used to perform MIMO related research
[4.2]. This program also included a configuration providing four receive channels at 2.2
GHz to 2.3 GHz as well as four channels at 5.75 GHz to 5.85 GHz. The base sounder
receiver was modified to provide four sweep channels at 2.2 GHz to 2.3 GHz and four
channels operating at 2.04 GHz to 2.14 GHz using both the upper and lower sidebands
from the DDFS to 2 GHz band conversion. Additional filters for signal generation and
processing within the 2.2 GHz to 2.3 GHz and 2.04 GHz to 2.14 GHz bands were also
produced. Discone antennas within the band 2.2 GHz to 6.0 GHz were also designed
and fabricated to support this work.
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In addition to the frequency converter assemblies that have been used to perform
channel sounding in the new frequency bands, the following additional work has been

completed.

1. Equipment that has been designed and developed specifically to perform the
calibration for amplitude and relative phase of an antenna array of up to four

elements.

2. A long wheel base landrover has been modified and configured to support
mobile measurements. This includes an on-board power supply, equipment

racking and pneumatic telescopic mast.

This chapter presents the new equipment and systems in the following sequence:

1. The first section describes the modules that have been designed and assembled
to produce the three complete sounder measurement configurations outlined
above. This includes the individual converters that are housed in 3U 19” rack
modules and the front-end 60 GHz RF assemblies which are mounted with the
60 GHz antennas to minimise signal losses.

2. Section two describes the overall configuration of the sounders for the new
bands described above including the new hardware and the base sounder.

3. The individual converters have been fabricated from a range of components and
integrated “super-components” that have been specifically designed and
implemented. These super-components were produced by identifying the
individual circuit elements that were required. These circuit elements were then
designed and confirmed individually. An integrated design was then produced
from the individual circuit elements. During this phase of the project only one
circuit element did not work as initially designed. This was the two stage
amplifier (used in the 3.5 / 5.7 GHz up-converters and down-converters) which

exhibited a gain peak at the lower end of the band due to excess ground
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inductance. This was corrected for use in the integrated design. Section three
describes the principal attributes and considerations for these hardware items.

. During the course of the project some hardware revisions were made due to
specific performance issues. Section four reviews and records these aspects of
the programme.

. The development of the 60 GHz system raised the visibility of performance
limitations due to the phase noise performance of the base sounder. It was
observed that the synthesisers used to perform up-conversion from the output of
the DDFS to the 2 GHz band were actually the dominant phase noise source in
the 60 GHz system. Section five summarises the system improvement made by
changing to the new synthesiser design.

Section six documents the new equipment that has been designed to provide the
capability to perform antenna array calibration (in conjunction with the
frequency converter assemblies) in the new bands (2.5 GHz, 3.5 GHz and 5.7
GHz). The antenna array calibration system is based on a four-channel down-
converter based on quadrature mixers to extract both amplitude and phase
information. The base measurement system operates at 10 MHz and includes a
phase-tracking reference channel to attenuate the phase noise of the microwave
sources. This has demonstrated the capability to measure an array of four
antennas at 5.7 GHz. This approach has demonstrated an amplitude accuracy of
better than 1 dB and a phase accuracy of +/- 1° over a 55 dB dynamic range
when used in the 2 GHz band.

Section seven describes the survey vehicle. This is based on a long wheelbase
Landrover that has been modified and configured to support mobile
measurements. This includes equipment racks and power to support the base
channel sounder receiver and the receiver frequency extender rack. An 8m
telescopic mast is also mounted on the rear of the vehicle.

. The chapter specific references are included in section eight.
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4.1 Frequency converters, racks and other complete modules

The transmit signal up-converters and receiver down-converters are housed in 3 U high
rack modules mounted in a 19” rack frame. The 60 GHz radio frequency modules are
mounted in die-cast enclosure to allow direct connection to the 60 GHz antennas. A
common module provides synthesiser programming, 10 MHz reference distribution and
power supply functions is fitted to both racks. These units are identical and can be used

to support either the transmitter or receiver converter modules.

4.1.1 Controller / PSU / reference distribution

The racks include a common module shown in figure 4.2. This contains the micro-
controller (for programming the PLLs), the main PSU (for +5V, +12 V and +24V), the
auxiliary power supply (for -12V) and the 10 MHz reference signal distribution module.
This module supports up to three RF modules and an auxiliary synthesiser. There are
two unused PLL programming ports which could be used to support other synthesisers
if required, for example to replace the 1.6 GHz DDFS clock in the base channel
sounder. The module includes a connector to provide access for the flash programmer
without disassembling the equipment. This allows code development and up-dating in-
situ. A connector has also been included to provide an RS-232 connection to the
microcontroller. This feature has been disabled at this time as the on-board RS-232
interface device includes local negative power supply generation using a switched
capacitor converter. This was observed to cause a large increase in power supply noise

levels which was observed as phase and amplitude disturbances on the RF signals.

The power supply has been assembled from commercial integrated switched-mode
converters. The switching frequency of these units is ~350 kHz. Any residual noise due
to the switching power supply therefore appears beyond the range of the spectrum used
to perform measurements. This power supply was designed to adequately support the
sounder work in the sub 6 GHz bands before the 60 GHz version of the sounder was

developed.
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DB-25 multi-way connectors mounted at the rear of the module. Two status indicator
LEDs are on the front panel. One indicates that power is present at the module and the

second indicates the “mute status” of the module.

The 2.5 GHz up-converter module includes a synthesiser that provides the local
oscillator signal. This can be programmed in the frequency range 4.4 GHz to 4.6 GHz.
The step size of the synthesiser is 10 MHz. Since there is no multiplication of the local
oscillator in the converter assembly, the output frequency can also be adjusted in 10
MHz steps. The local oscillator provides a high side injection signal to perform up-
conversion from the 2 GHz IF band up to 2.5 GHz. The output signal is defined as:

F(out) = F(LO) — F(IF)

The output from the mixer in the converter block is filtered using a five section inter-
digital filter. This has a bandwidth of 400 MHz centred at 2.5 GHz. This filter provides
attenuation of the local oscillator signal and the mixer sum product in the 6.5 GHz band.
The filter also provides moderate attenuation to signals in the IF band at 1.8 GHz to 2.2
GHz.

The output of the filter is amplified with the two stage amplifier in the converter block.
This signal is then further amplified by the two stage power amplifier. The output of the
amplifier is then filtered using a second five-section inter-digital filter. This provides
additional attenuation to any IF signals in the 1.8 GHz to 2.2 GHz band and provides

significant attenuation to the second harmonic which falls in the 5 GHz band.

The group delay at the edges of the filter pass-band limit the useable frequency range at
the output of the converter to 2.35 GHz to 2.65 GHz.

The 2.5 GHz up-converter is assigned to bay 1 of the rack. This bay is provided with
two 10 MHz reference signals. One is used internally by the synthesiser. The second is

presented on an SMA coax connector at the rear of the module.
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The 3.4 GHz up-converter assembly (figure 4.6) is housed in a 3U high, 220mm deep,
14 HP wide enclosure. The input and output connections are made via SMA coax and
DB-25 multi-way connectors mounted at the rear of the module. Two status indicator
LEDs are on the front panel. One indicates power to the module and the second
indicates the “mute status” of the module. The 3.4 GHz converter is assigned to bay 2 of
the rack.

The 3.4 GHz up-converter module includes a synthesiser that provides the local
oscillator signal. This can be programmed in the frequency range 2.65 GHz to 3.25
GHz. The step size of the synthesiser is 10 MHz. The synthesiser output is multiplied by
two within the X2 multiplier module to provide an effective local oscillator signal at 5.3

GHz to 6.5 GHz. The output frequency can therefore only be adjusted in 20 MHz steps.

The local oscillator provides a high side injection signal to perform up-conversion from

the 2 GHz IF band up to 3.4 GHz. The output signal is defined as:

F(out) = F(LO) — F(IF)

The 3.3 GHz to 6 GHz up-converter module includes internal filtering and
amplification. The internal filtering is only sufficient to ensure that the internal

amplifier is operated within its linear region.

An additional inter-digital filter is used to filter the output of the up-converter module
prior to final amplification in the power amplifier. This filter is required to attenuate the
local oscillator, IF and image frequencies at the output of the up-converter module. The
present build of the 3.4 GHz up-converter assembly uses a five-section filter. This
provides an output frequency range of 3.3 GHz to 3.9 GHz. A seven section filter would
allow operation from 3.3 GHz to 4.5 GHz.

The output power amplifier raises the output power level to +20 dBm.
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The 5.7 GHz up-converter assembly (figure 4.7) is housed in a 3U high, 220mm deep,
14 HP wide enclosure. The input and output connections are made via SMA coax and
DB-25 multi-way connectors mounted at the rear of the module. Two status indicator
LEDs are on the front panel. One indicates power to the module and the second
indicates the “mute status” of the module. The 5.7 GHz up-converter is assigned to bay
3 of the rack.

The 5.7 GHz up-converter module includes a synthesiser that provides the local
oscillator signal. This can be programmed in the frequency range 2.23 GHz to 2.67
GHz. The step size of the synthesiser is 10 MHz. The synthesiser output is multiplied by
three within the X3 multiplier module to provide an effective local oscillator signal at
6.5 GHz to 8.0 GHz. The output frequency can therefore only be adjusted in 30 MHz

steps.

The local oscillator provides a high side injection signal to perform up-conversion from
the 2 GHz IF band up to 5.7 GHz. The output signal is defined as:

F(out) = F(LO) — F(IF)

The 3.3 GHz to 6 GHz up-converter module includes internal filtering and
amplification. The internal filtering is only sufficient to ensure that the internal

amplifier is operated within its linear region.

An additional inter-digital filter is used to filter the output of the up-converter module
prior to final amplification in the power amplifier. This filter is required to attenuate the
local oscillator, IF and image frequencies at the output of the up-converter module. The
present build of the 5.7 GHz up-converter assembly uses a five-section filter. This
provides an output frequency range of 5.0 GHz to 6.0 GHz. A seven section filter would
support operation from 4.5 GHz to 6.0 GHz.

The output power amplifier raises the output power level to +20 dBm.
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indicator LEDs are on the front panel. One indicates power to the module and the

second indicates the synthesiser lock status of the module.

The input signal is filtered using a five-section inter-digital filter. This provides
significant attenuation of signals in the UMTS and GSM-1800 MHz bands. The filter
output is routed to a single stage low noise amplifier. The output of the LNA is filtered
using a second five-section inter-digital filter to provide further attenuation of the
UMTS and GSM-1800 MHz signals in addition to the image-band noise. The output of
this filter is presented to the input of the 2.5 GHz converter module.

The 2.5 GHz down-converter assembly includes a synthesiser that provides the local
oscillator signal. This can be programmed in the frequency range 4.4 GHz to 4.6 GHz.
The step size of the synthesiser is 10 MHz. Since there is no multiplication of the local
oscillator in the converter assembly, the output frequency can also be adjusted in 10
MHz steps. The local oscillator provides a high side injection signal to perform down-
conversion from the 2.5 GHz RF band down to the 2 GHz IF band. The output signal is
defined as:

F(IF) = F(LO) - F(RF)

The output from the mixer in the converter block is filtered using a five section inter-
digital filter. This has a bandwidth of 400 MHz centred at 2.0 GHz. This filter provides

attenuation of the local oscillator signal and the mixer sum product in the 6.5 GHz band.

The output of the filter is amplified by the two stage amplifier in the converter block.

The group delay at the edges of the filter pass-band limit the useable frequency range at
the input of the converter to 2.35 GHz to 2.65 GHz.

The 2.5 GHz down-converter is assigned to bay 1 of the rack. This bay is provided with
two 10 MHz reference signals. One is used internally by the synthesiser. The second is

presented on an SMA coax connector at the rear of the module.
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The 3.4 GHz down-converter assembly (figure 4.9) is housed in a 3U high, 220mm
deep, 14 HP wide enclosure. The input and output connections are made via SMA coax
and DB-25 multi-way connectors mounted at the rear of the module. Two status
indicator LEDs are on the front panel. One indicates power to the module and the

second indicates the synthesiser lock status of the module.

The 3.4 GHz down-converter module includes a synthesiser that provides the local
oscillator signal. This can be programmed in the frequency range 2.65 GHz to 3.25
GHz. The step size of the synthesiser is 10 MHz.

The synthesiser output is multiplied by two within the X2 multiplier module to provide
an effective local oscillator signal at 5.3 GHz to 6.5 GHz. The output frequency can
therefore only be adjusted in 20 MHz steps. The local oscillator provides a high side
injection signal to perform down-conversion from the 3.4 GHz RF band to the 2 GHz IF
band. The output signal is defined as:

F(out) = F(LO) — F(IF)

The 3.3 GHz to 6 GHz down-converter module includes internal filtering and

amplification.

The 3.4 GHz down-converter assembly supports operation from 3.3 GHz to 4.5 GHz by

changing the operating frequency of the local-oscillator only.

The internal filtering present in the integrated down-converter has been found to be
sufficient to support measurements in the signal environment to date. This work has
been performed using either low gain wide-band discone or higher gain band specific

antennas.

The 3.4 GHz down-converter assembly is assigned to bay two of the rack.
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The 5.7 GHz down-converter assembly (figure 4.10) is housed in a 3U high, 220mm
deep, 14 HP wide enclosure. The input and output connections are made via SMA coax
and DB-25 multi-way connectors mounted at the rear of the module. Two status
indicator LEDs are on the front panel. One indicates power to the module and the

second indicates the synthesiser lock status of the module.

The 5.7 GHz down-converter module includes a synthesiser that provides the local
oscillator signal. This can be programmed in the frequency range 2.23 GHz to 2.67
GHz. The step size of the synthesiser is 10 MHz.

The synthesiser output is multiplied by three within the X3 multiplier module to provide
an effective local oscillator signal at 6.5 GHz to 8.0 GHz. The output frequency can
therefore only be adjusted in 30 MHz steps. The local oscillator provides a high side
injection signal to perform down-conversion from the 5.7 GHz RF band to the 2 GHz IF
band. The output signal is defined as:

F(out) = F(LO) — F(IF)

The 3.3 GHz to 6 GHz down-converter module includes internal filtering and

amplification.

The 5.7 GHz down-converter assembly supports operation from 4.5 GHz to 6.0 GHz by

changing the operating frequency of the local-oscillator only.

The internal filtering present in the integrated down-converter has been found to be
sufficient to support measurements in the signal environment to date. This work has
been performed using either low gain wide-band discone or higher gain band specific

antennas.

The 5.7 GHz down-converter assembly is assigned to bay three of the rack.
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The 60 GHz sounder transmitter uses a separate low phase noise local oscillator
assembly (figure 4.12) to provide the local oscillator that is used to provide the up-
conversion from the 5 GHz band to the 15 GHz band. This module is housed in a 3U by
14 HP rack case and is assigned to bay one of the rack.

This module includes a synthesiser operating at 2.56 GHz followed by a frequency
doubler to provide an output at 5.12 GHz. The doubler is the same design as used in the

3.4 GHz up and down-converters.

The synthesiser uses a reference frequency of 40 MHz. The 40 MHz reference is
obtained by multiplying the 10 MHz system reference using two doublers. This function

is provided by the reference multiplier module.

This approach provides possible output frequencies of 5.12 GHz, 5.2 GHz, 5.28 GHz,
5.36 GHz and 5.44 GHz due to limitations in the range of valid synthesiser divide

values.

4.1.10 Second up-converter for 60 GHz transmitter

The 5 GHz to 15 GHz up-converter (figure 4.13) is used to perform up-conversion from
the 5 GHz band to the 15 GHz band to provide the drive signal for the 60 GHz
transmitter. This module is housed in a 3 U * 14 HP rack case and is assigned to bay

two of the rack.

This module has been assembled using commercially sourced microwave components.
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This module is mounted in the lid of a die-cast box to provide a heat sink to support the
3.3 W dissipation of the module. A further 6.7 W is dissipated in a linear regulator
which provides +8 V from the + 24 V supply. The module has subsequently had an
additional heat sink fitted to the box to improve the thermal transfer which reduces the

operating temperature of the unit.

This module requires dc supply via the multi-way connector and an RF drive of
nominally +12 dBm at the SMA coax connector. (With +16 dBm available from the
transmit driver, a cable loss of up to 4 dB can be accommodated. This allows a flexible

cable of ~2 m to be used between the driver and the transmitter module).

The RF output is provided at the waveguide flange. This flange conforms to UG-385/U
and supports waveguide type WR-15 / WG 25 operating in the 50 GHz to 75 GHz

range.

For all the 60 GHz sounding measurements made to date a small 20 dB conical horn has
been fitted directly to the output flange. (Some limited calibration data was also taken

using a waveguide connection to this port).

4.1.12 Driver for 60 GHz receiver

The 60 GHz receiver driver is mounted ina 3 U * 42 HP rack case. (Refer to figure 4.15
and 4.16). This module is assigned to bay one of the rack as two 10 MHz reference

signals are required.

This assembly includes an up-converter to translate from the 2 GHz sounder IF band to
the 5.7 GHz band. This portion of the equipment is identical to that used in the 5.7 GHz

transmit up-converter but without the output power amplifier which is not necessary.

This module also includes a 5.12 GHz low phase noise local oscillator and 5 GHz to 15

GHz up-converter that are identical to those used for the 60 GHz transmitter. The mixer
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The 60 GHz down-converter module is mounted within a die-case enclosure (Refer to
figures 4.17 for the block schematic). This houses the mm-wave multiplier and mixer on
the front cover. The base-band pre-amplifier and the SSB down-converter are mounted

in the bottom of the box.

Local regulators have been included to provide +12 V at 500 mA for the SSB down-
converter and base-band pre amplifier and +8 V at 400 mA for the mm-wave multiplier.
Both of these regulators are supplied from the +24 V unregulated supply to the

converter racks.

The down-converter assembly requires dc supply via the multi-way connector and an
RF drive of nominally +12 dBm at the SMA coax connector. (With +16 dBm available
from the 60 GHz receiver driver assembly, a cable loss of up to 4 dB can be
accommodated. This allows a flexible cable of ~2 m to be used between the driver and

the down-converter module).

The mixer is mounted directly to the output of the multiplier. The mm-wave
components are heat-sunk to the box cover. The output of the mixer is routed directly to
the input of the base-band pre-amplifier using a short length of coax. Since this is only
transferring signals in the region of 12.5 MHz the loss is negligible. The output of the
base-band pre amplifier is routed to an SMA connector on the side of the box. This
allows the beat signal to be “ranged” using a spectrum analyser as the useful bandwidth
of the pre amplifier extends to ~ 200 MHz. For normal operation this connection is
fitted with a short jumper-cable to transfer the signal to the input of the SSB down-
converter. The output of the SSB down-converter and the LO input for the SSB down-

converter are provided by SMA connectors mounted through the side wall of the box.
In the present configuration all five bits of the step attenuator are wired together and are

operated via a toggle switch mounted on the enclosure. This provides a low gain and a

high gain mode with 31 dB of relative gain adjustment.
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The RF input is provided to the waveguide flange. This flange conforms to UG-385/U
and supports waveguide type WR-15 / WG 25 operating in the 50 GHz to 75 GHz

range.
For all the 60 GHz sounding measurements made to date a small 20 dB conical horn has

been fitted directly to the output flange. (Some limited calibration data has also been

taken using a waveguide connection to this port).
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The multi-band sounder (shown in figure 4.18) uses the UMTS sounder to provide a
sweep signal within the 1.8 GHz to 2.2 GHz band. This signal is split using a three way
power divider. This provides three identical signals that are used as the input to the

three up-converters.

The UMTS sounder includes two low phase noise rubidium stabilised reference sources
that provide the 10 MHz system reference for the transmitter and the receiver. These
references also provide the reference signals to the synthesisers in each of the up-

converters.

The up-converter rack (figure 4.19) also includes a synthesised source that can be
programmed from 1.6 GHz to 2.5 GHz. This is used to provide the source to up-convert
from the output of the DDFS (which is restricted to 400 MHz maximum) to the 2 GHz
band. For this application the local signal is placed on the high side of the output at
nominally 2.36 GHz. This source has a step size of 10 MHz.

The output power of each up-converter is nominally + 20 dBm (100 mW). These signals
are made available to the transmit antennas (optionally with antenna mounted output
amplifiers to raise the power level to +30 dBm (1 W)) or combined and transmitted

through a single wideband discone antenna.

At the receiver, the channel sounder receiver is operated in the IF band (1.8 GHz to 2.2
GHz). The down-converters (2.5, 3.5 and 5.8 GHz) are used to translate the incoming
RF signals down to the 2 GHz IF range. The converters operate with noise figures
below 5 dB and nominally 30 dB of associated gain. The multi-band down-converter

rack is shown in figure 4.20.

The rubidium stabilised reference at the receiver is used to synchronise the synthesised
signal sources in the down-converters. The down-converter rack also includes a
synthesised source that is used to provide the sweep translation signal for the receiver

DDFS into the IF band. This source can be configured to provide signals in the range
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The 60 GHz system (fig 4.23) uses several stages of up-conversion to produce an RF
signal in the 60 GHz band. The same frequency generation scheme is used for both

transmit and receive sweep generation.

The FMCW sweep is first up-converted to the 5 GHz band. This is then up-converted
again to the 15 GHz band using a local oscillator at 10.24 GHz. The 10.24 GHz source
is derived from a fundamental oscillator operating at 2.56 GHz followed by two
doublers. The 15 GHz signals are routed from the TX (figure 4.24) and RX rack (figure
4.25) to the mm-wave multipliers via a 2 m coax cable. X4 mm-wave multipliers are

then used to derive the RF signal in the 60 GHz band.

At the transmitter the swept signal is coupled to the channel using a small horn antenna.

The transmitter output power is nominally + 7 dBm (5 mW).

At the receiver the sweep signal is used to provide the local oscillator to a balanced
diode mixer. This 60 GHz receive mixer uses GaAs diodes which exhibit high levels of
1/ f noise. This reduces the sensitivity at low IF frequencies due to the degradation of

the mixer IF noise floor.

While homodyne performance is possible (and has been demonstrated) an IF of ~ 12.5
MHz has been selected. Additional advantages of this configuration are that the mixer
can be provided with dc bias to reduce and stabilise the conversion loss. This approach
allows the large steps (200 kHz) due to the “delay increment” of the DDFS programmer

to be accommodated in the subsequent down-conversion to baseband.

The receiver front end is contained in a die-cast box (figure 4.26). This includes the
mm-wave local oscillator multiplier, balanced mixer, 12.5 MHz IF amplifier and SSB
down-converter. The net gain of the receiver front end is nominally 50 dB. This is
equivalent to the 2 GHz sounder front end gain. The operational noise figure is

anticipated to be in the region of 10 dB.
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4.3 Description of the converters / key module performance
The frequency converters have been produced using a number of application specific

components that have been designed for this research project. The application of the

individual modules is indicated in table 4.1.

5.7 GHz 4 Ch down-converter

60 GHz TX 2nd LO

60 GHz RX driver
Dual band MIMO equipment

3.5 GHz down-converter
Total modules

2.5 GHz up-converter
3.5 GHz up-converter
5.7 GHz up-converter
2.5 GHz down-converter
5.7 GHz down converter
60 GHz RX assembly

Transmit rack
Receive Rack

Reference source
Reference distribution
Main power supply
Auxiliary power supply
Micro-controller

10/ 40 MHz multiplier 11
1.6/2.5GHz PLL 1 [
2.1/2.7 GHz PLL 1 11 1
2.4/3.0GHz PLL 1
2.6/3.2GHz PLL 1 1
4.4/4.6 GHz PLL 1 1
X2 RF multiplier 1 1 1 [
X3 RF multiplier ' 1.1 | h 1
2.5 GHz converter 1 1
3.3 /6.0 GHz up-converter 11 1
3.3/6.0 GHz down-converter 11 @4
Power amplifier 10N
2.5 GHz LNA 1
LO buffer amplifier ) 1
1.8/2.2 GHz 5 pole filter 1
2.0472.14 GHz 9 pole filter
2.20/2.30 GHz 9 pole filter
2.20/2.30 GHz 7 pole filter
2.312.7 GHz 5 pole filter 2 2
3.3/4.5 GHz 7 pole filter 1
4.5/6.0 GHz 7 pole filter 1 1
5.3/6.5 GHz 7 pole filter 1 1 1 [
6.5/8.0 GHz 7 pole filter 1 1 1
Baseband pre-amplifier 1
SSB down-converter
Module per assembly 6 6 5 6 6 6 4 4 [7 49 2 I8
Table 4.1 summary of new hardware
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The integrated converters, RF multipliers and amplifiers have been fabricated from
Rogers 0.8mm thickness double sided 4003 substrate material. 0402 surface mount
passive devices have been used. The base printed circuits were fabricated by the
prototype facility at UMIST (now Manchester University) using the Gerber RS274X
file output from the CAD tool.

The other circuits assemblies have been fabricated from 1.6mm thick, double sided
epoxy-glass FR4 material with 0603, 0805 and 1206 surface mount passive devices.
The base printed circuits were fabricated by “PCB Pool”. Data were provided as a
“GWK?” file format as the output from “GC-Prevue” that was used to provide post
processing of the Gerber file format. This additional step allows the design layout
checks to be fully completed before despatching the design file.

All the circuits were manually assembled with the assistance of a low power (20X)

stereo microscope.

All the radio frequency sensitive circuits have been housed in machined aluminium
housings. This provides an RF screened enclosure which also provides mechanical and
thermal stability. The mechanical filters and discone antenna have been machined from
aluminium and brass with PTFE insulation. The 60 GHz horn antennas were machined
from brass. The metal housings and mechanical filters were fabricated using a “Thiel
159” precision universal milling machine equipped with a Heidenhein DRO system
with a resolution of 10 um. The antennas were fabricated using an “Ajax” CNC lathe

equipped with a GE “Fanuc” control system with a resolution of 1 pm,

All the circuits have been designed using Mentor Graphics “Power PCB” tools for
schematic capture and layout generation. The high frequency circuits have also been
simulated and optimised using AWR “Microwave Office”. The specific RF layout
elements have then been exported from “Microwave Office” to “Power PCB” as

“PADS” format elements.

4-43


















Chapter 4: Description of the new experimental hardware

This includes on-chip negative voltage generation. The Ethernet interface uses a
Lantronix “XPORT” module. This provides a serial interface to the micro-processor
with all the physical layer, MAC and TCP-IP handshaking performed within the module
itself.

A watch dog timer is included. This device (Ramtron FM31256) also provides a battery
backed real time clock and 32 K bytes of non-volatile storage that is accessed via serial

communication with the host microprocessor.

The microcontroller supports the programming and monitoring of up to seven
individually addressed synthesisers. The program interface consists of serial clock,
serial data and device latch signals to the synthesisers. A lock status signal is returned
from the synthesiser. Three logic level outputs are also available which are used to
enable / disable the output of the transmit converters / receive down-converters by

switching the supply power to these circuits.

The micro-controller is flash programmed with device specific code compiled from a
program written in “C”. For the purpose of this project, however, the programming has
been performed with hard-coded values for the synthesiser and LCD display with no
software support for other functions at this time. The RS-232 and Ethernet functions
have been removed from the PCB at this time to eliminate unnecessary sources of

electrical noise from the +5 V power supply.
4.3.6 Reference 10 MHz to 40 MHz multiplier

The 10 MHz to 40 MHz reference multiplier is used to minimise the in-band phase
noise for the 2.56 GHz sources that are used in the 60 GHz second up-conversion
process. This module uses a cascade of two balanced Schottky diode doublers with

intermediate amplifiers and filters.

(Refer to figure 4.33). The doubler uses a transmission line transformer T1 to provide

two outputs that are in anti-phase. Each of these signals is used to switch the diodes D1
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with a phase margin of nominally 70 degrees. This provides a closed loop response that
provides an optimally flat noise floor (minimal noise peaking) within the loop band
width. This approach also provides a closed loop response that is very tolerant to
changes of open loop gain (The closed loop bandwidth reduces with falling loop gain,
however, the phase margin remains fairly constant). For example, the sources within the
3.5 GHz and 5.7 GHz converters are required to provide operation over a range of
frequencies. Operation over a range of frequencies tends to introduce gain changes
within the phase locked loop due to change in feedback divider ratio and the typical
reduction of VCO tuning sensitivity at the higher tuning voltages required for operation
at the upper frequency range of the VCO.

The phase locked loops have been designed to provide a third order response. This
allows the effect of the RF decoupling that is required on the VCO tune line (to reduce
noise pick-up and provide an RF bypass) to be factored into the design.

The ADPLL design tool [4.4] provided by Analog Devices has been used to perform the

design of the loops and to evaluate sensitivity to gain variations.

PFD OA VCO

R4
F(ref) R1 '\‘\ — @7—-» F(out)
E R2 QRS
1 1
o= =— 4
c c2 R3 c3 ca
1 Ll . L1l L1
N

Figure 4.35 Phase locked loop overview

(Refer to figure 4.35). The PFD and the /N functions are contained within the ADF4106
device. The output of the PFD is presented as a current switched charge pump. This
charge current is integrated by the capacitors C1 and C2. The resistor R1 provides the
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The output of the VCO is divided equally using a resistive splitter that provides wide
bandwidth with a match close to 50 Q. The feedback signal is buffered using resistive
attenuators and a silicon MMIC gain block. The other output signal from the power
divider is amplified using an additional silicon MMIC gain block. The specific MMIC
devices have been selected on a case by case basis to provide an output signal of
nominally 5 to 10 mW (+7 to +10 dBm) without the amplifier being driven into
saturation. This is important to avoid signals on the amplifier bias supply from being
heterodyned onto the local oscillator output [4.5].

The closed loop phase noise performance of the source is defined by the multiplied
noise of the reference at low offset frequencies (typically <= 1 kHz). Above this, the
noise floor is due to the noise floor of the phase / frequency detector multiplied up to the
output frequency. For the ADF4106 device selected here, the phase detector noise floor
exhibits a response that is proportional to the phase comparison frequency. Since the
multiplication provides a degradation that is proportional to frequency squared, the
optimum noise performance implies operation with as high a reference frequency as
practical. For the majority of the sources used within the project a reference frequency
of 10 MHz has been used. (A reference frequency of 3.333 MHz is used for the receiver
auxiliary signal source to provide a nominal ramp offset of 13.333 MHz (after
multiplication by four) for the 60 GHz system. The 2.56 GHz sources that are used

within the 60 GHz second up-converters use a 40 MHz reference).

Using a high reference frequency was initially problematic. The first revision of the
source design included a very high speed comparator to provide a square wave signal to
the reference input of the ADF4106 from the sine wave reference. This approach
resulted in the in-band noise floor of the source being ~ 10 dB worse than predicted.
Under “normal” configurations the reference would be divided to typically 1 MHz
which would make this degradation not apparent since the reference phase noise would
be attenuated by 20 dB.
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for high input signals the attenuators are switched using individual relays. A logic level

interface is provided for the five step attenuators.

Each amplifier stage is fabricated using a two transistor cascade with local feedback.
This overall two stage pre amplifier provides high gain (49 dB), wide band-width (30
MHz at -3 dB) with low distortion and a measured noise figure of 3 dB. The amplifier

output 1 dB compression level is +12 dBm.

The 60 GHz mixer requires a low current, low noise supply to provide forward bias for

the Schottky mixer diodes. This function is also supported on this card.

4.3.18 Single Sideband Down-Converter

The single sideband down-converter is used to convert the 12.5 MHz IF signal (used in
the 60 GHz receiver) to the baseband input range of the channel sounder signal
conditioning / data acquisition system. The sideband cancellation is performed at base-

band using the phasing technique [4.8].

The down converter (shown in fig 4.55) includes an input band pass filter to provide
image rejection for a down-conversion from nominally 12.5 MHz to 2.5 MHz. This
mixing process uses a local oscillator signal at nominally 10 MHz. This 10 MHz local
oscillator signal is divided to 2.5 MHz using a four-phase divider to provide two pairs
of quadrature signals. This provides two pairs of signals that have a 90 degree phase
shift between the pairs. Each pair includes differential signals to provide the local
oscillator drive to the double balanced mixer. The 2.5 MHz signal from the output of the
12.5 MHz / 2.5 MHz conversion is split and mixed down to base-band using two
parallel channels. The two base-band channels are phase shifted with a differential
phase shift of 90 degrees. The phase shift network uses two cascaded all-pass delay
sections. Williams [4.9] provides tabulated data based on the work of Bedrosian. These
tables provide the time constants for each of the delay elements based upon the phase
tolerance and the relative bandwidth. Here the upper to lower pass-band ratio of 11.47:1

has been chosen to support the required range of 30 kHz to 300 kHz (10:1). With a total
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4.4.1 Synthesiser reference noise issue

The initial design of the synthesiser used a fast comparator to provide the interface
between the reference signal (sinusoid in a 50  environment) and the logic level input
of the Analogue Devices PLL. This introduced jitter which was manifested as an
increased noise floor present within the closed loop bandwidth of the synthesised
sources. This raised the noise floor by up to 10 dB which was observable for the initial
configurations of the 5.7 GHz converters. This was corrected during the course of the 60
GHz project. The solution to this problem is outlined in detail within the synthesiser

discussion.

4.4.2 Self interference within 2.5 GHz dual conversion frequency converters

The initial build of the 2.5 GHz converters used a double conversion technique with an
IF in the 600 MHz to 900 MHz band. This was an initially attractive solution since the
upper synthesiser frequency allowed the use of commercial VCOs from Minicircuits.
This configuration placed the two synthesisers above each of the converter output bands
to minimise mixer M*N products. However the configuration suffered from in-band
interference at very low signal levels, which appeared as “spikes” in the transfer
function due to the sweep at the receiver producing an in-band output as the receiver
swept through the static interference signal. The interference signals were observed to
be located at multiples of the 10 MHz reference and were at a level equivalent to ~ -100
dBm at the input to the 2.5 GHz down-converter. This effect was not apparent for the
3.5 GHz and 5.7 GHz converters which led to the conclusion that the effect was due to
either the low IF containing harmonics of the 10 MHz reference or signals being
regenerated at multiples of 10 MHz from the two synthesisers. Both of these
architectural differences were addressed by changing to the same converter
configuration used for the 3.5 GHz and 5.7 GHz converters. This approach became
viable as a solution with the identification of a suitable 4.5 GHz VCO from Z-Com.
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4.4.3 Mitigation of close to carrier noise on the rubidium references

The initial development of the converter systems and sounder used rubidium references
supplied by Tekelec and Efratom-Ball. Both of these references are based on an
analogue phase lock technique which uses a phase comparison frequency in the region
of 82 Hz. The sum product that occurs at the output of the phase detector due to any
duty cycle differences is in the region of 164 Hz. This signal provides low level
modulation of the reference unit which while immeasurable at 10 MHz becomes
significant when observed at the output of the 5.7 GHz converter LO at ~ 8 GHz due to
effective multiplication of X 800.

To address this problem a tracking reference was designed. This was based on a 10
MHz OCXO that was phase locked to the primary reference with a tracking bandwidth
of approximately 3 Hz. With a type two third order PLL this provided ~ 50 dB of
attenuation of the close to carrier spurious signals. The phase locked loop was
implemented using discrete devices. A Golledge HCD-81 OCXO was used. This is
based on an A-T cut quartz resonator. This successfully addressed the spurious issue.

However the loop did cause deterioration of the reference at low offset frequencies.

Figure 4.58 displays the spectrum analyser monitor of the output from the complete 5.7
GHz up and down converter system with a 2 GHz test source at the input to the up-
converter. The green response was the measured spectrum using the Telelec rubidium
references for the up-converter and the down-converter. The red trace demonstrates the
behaviour of the tracking loop. The purple trace is taken with the OCXO “free-
running”. This figure demonstrates successful operation of the tracking loop but with

degradation of the reference at frequencies below 200 Hz offset.
This approach was not pursued further after the rubidium references in the sounder were

replaced with Stanford Research PRS-10 units. The PRS-10 uses a different architecture

which eliminates this spurious problem.
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The mixer system is dc coupled. A novel differential mixer structure (figure 4.64) was
implemented that uses a commercial four quadrant multiplier integrated circuit with the
output loads provided by two current to voltage converters. This provides very low
distortion within the mixer structure and high output swing (up to 8 V peak). (This

mixer structure has subsequently been utilised in the SSB down converter).

The mixer structure is based upon an MC1496 balanced modulator / demodulator
device. This device is optimised for operation in the frequency range up to 100 MHz.
The local oscillator signals are driven in anti-phase. In the quadrature down-converter
this has been achieved using an NE592 differential video amplifier that has
complimentary outputs. (This approach has also been used in the SSB down-converter
for the first mixer that is used to perform a frequency translation from 12.5 MHz to 2.5
MHz).

The input signals are also presented in anti-phase to pins 1 and 4. In the quadrature
down-converter this is also achieved using an NE 592 that also provides a fixed gain of
X100 (40 dB). (In the SSB down-converter the input to the first mixer is provided from
the input band-pass filter which is used to provide a filter function, single-ended to
balanced conversion and impedance transformation). The signals within the SSB down-
converter remain balanced until the output summing / difference amplifier that is used
to select the wanted sideband. In the published applications for this device, the output is
produced by terminating the output of the transistor array with a resistor in series with
the +ve bias supply. To achieve moderate conversion gain these resistor values are
required to be in the region of 3.9 kQ. Thus for appreciable current swings at the output,
the voltage across the output transistors of the array changes significantly with signal
level which introduces signal distortion. In our application our objective was to
minimise dc offset voltages since the output would be dc coupled to the data acquisition
system. Based on this it was intended to use a differential amplifier to recover the
output from the complimentary outputs of the multiplier. It was observed that these two
structures could be combined and by incorporating a current to voltage converter the
voltage swing at the output of the array would be reduced to zero since the input

impedance of the current to voltage converter is close to 0 Q. In addition to improving
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the distortion behaviour which is of high importance in the quadrature down-converter,
this also minimises the reduction in output bandwidth due to the capacitance present at
the output of the transistor array. The “Miller integrator” effect due to capacitance
between the collector and base of the output transistors is also minimised since the
output voltage is fixed (principle of the cascade amplifier structure). The output
bandwidth is now defined by the bandwidth of the amplifiers used to perform the
current to voltage conversion and the subsequent summing amplifier. Using LF353
devices (4 MHz gain bandwidth) the output signal was observed to be reduced by only
0.9dB at 2 MHz output.

The mixer structure described above has also been used as a phase detector within the
reference tracking loop used in the quadrature down-converter. The closed loop
bandwidth achieved was ~800 kHz.

Since in this measurement application we are interested in the dc voltage representing
the relative phase and amplitude of the IF input signal relative to the reference the
output signals are band-limited with a - 3 dB corner of ~ 30 Hz. The output includes
level shifting and scaling to provide + / - 4 V which corresponds to the data acquisition
system. The eight channels of the antenna pattern data acquisition system allows four
RF channels to be measured simultaneously with the system response computed from

the “I” and “Q” channel components.

The phase noise suppression of the sources was measured to be 115 dB at 10 Hz offset.
The amplitude accuracy was better than 1 dB and the phase error measured to be within

+/- 1° for an input signal level (at 10 MHz IF) from — 85 dBm to — 30 dBm.

The complete four-channel 10 MHz quadrature-demodulator is shown in figure 4.65.
This is constructed on a single printed circuit mounted inside an aluminium box to
provide electrical screening and mechanical mounting for the coax connectors. A pair of
precision voltage regulators (based on LM723 devices) was added to eliminate any

offset drift due to variations in power supply voltage.
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Chapter 5: Results Part One: Channel Sounder Calibration and Verification
5.0 Introduction
The complete sounder requires detailed verification to determine the fundamental
performance limitations of the equipment when used to make measurements. These

measurements have been organised in three phases:

e The up-converters have been measured to evaluate the transmitter power output

and spectrum “flatness”. This provides a useful, basic indication of the
performance of the up-converter. These measurements and results are presented
in section 5.1.

e The down-converters have been measured to evaluate the noise figure and gain.
The primary consideration is that the noise figure does not adversely affect the
sensitivity of the sounder. The gain measurement is useful to understand the
additional losses that can be included between the down-converter and the
UMTS channel sounder receiver. These measurements and results have been
presented in section 5.2.

e The channel sounder in conjunction with the up and down converters has been
evaluated at the system level. This is a practical approach to gaining an insight
into the effect of phase noise within the signal sources and to make a
measurement of the system noise floor (and therefore sensitivity limit) under

operational conditions. This work is presented in section 5.3 for the following:

o Limitations due to phase noise evaluated using CW sources
o Receiver noise floor exploration
o Single delay measurement
= power delay profile
*  Doppler ambiguity
s frequency transfer function
o Two path delay discrimination

o Channel matching (four channel converter)
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The channel sounder swept performance has been evaluated for typical measurement

scenarios. These scenarios are:

e Three band wide-area outdoor measurement (10 MHz channel width)
e Wideband indoor measurement (260 MHz {150 MHz} channel width)
e Very wideband indoor measurement (1040 MHz, 60 GHz only)

The assessment of the 60 GHz system has not included characterisation of the up-
converter and down-converter at the 60 GHz interfaces since no measurement

equipment supporting direct measurements in this frequency range was available.

Phase noise measurements are not presented here since the sounder CW response
measurement provides a valid and representative indication of any performance
limitations due to phase noise. In any case the phase noise performance of the new
synthesisers developed to support the project are lower than the self noise of the
available Agilent E4407B spectrum analyser for frequency offsets of <~ 10 kHz. For the
FFT bin spacing of 250 Hz used in this system, +/- 10 kHz corresponds to +/- 40 bins.

During the verification program it became apparent that the original 2.36 GHz sources
within the original UMTS channel sounder TX and RX were the dominant source of
phase noise within the system. This issue was resolved by using the auxiliary
synthesisers that are included within the frequency extender racks to replace these
sources. As documented in section 4.5, this provided an improvement in the equipment
noise floor of approximately 15 dB. The auxiliary synthesisers were originally
assembled to support the general development of the up-converters and the 60 GHz

system.

The measured pattern data for the four-sector 5.7 GHz antenna array is presented in

section 5.4
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The equipment under test was connected to the spectrum analyser and the noise source
(refer to figure 5.12). The spectrum analyser was set to the IF output frequency range of
the down-converter. The noise source (Eaton-Ailtech model 7618E) was specified for
the range 10 MHz to 18.6 GHz. This equipment contains a semi-conductor avalanche
break down device which produces a wide band noise output typically 35 dB above
thermal noise. This is attenuated by an integral attenuator to provide an output ENR of
nominally 15 dB. This 20 dB attenuator also ensures that the source termination
presented to the equipment under test is very close to 50 Q. The noise source provides a
resistive termination with thermal noise when the active device is not biased. When
provided with +28 V dc the noise source provides the calibrated noise to the device

under test.

The response of the equipment under test is recorded using the spectrum analyser trace
memory function with the noise source “on” and “off”. The “y-factor” can be derived
from the spectrum analyser using the marker function. Using the ENR information
provided with the noise source, the effective noise figure of the equipment can be

calculated from the observed “y-factor” [5.1].

The “y-factor” data recorded from the spectrum analyser are displayed in figures 5.13 to
5.20. Figure 5.13 demonstrates that the test set noise floor is sufficient to not materially
effect the noise figure measurement. The gain and noise figure results for the down-

converters are tabulated in table 5.2.

Down-converter “y-factor” (dB) Noise Figure (dB) Gain (dB)
2.5 GHz 11.02 4.8 31
3.5GHz 13.29 2.2 29
5.7 GHz 12.72 2.9 26

CH-15.7 GHz 13.10 2.5 254
CH-2 5.7 GHz 13.30 2.2 234
Ch-3 5.7 GHz 13.65 1.9 274
Ch-4 5.7 GHz 12.08 3.5 22.0

Table 5.2 Three-band down-converter gain and noise figure results
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5.3 System level back to back evaluation

5.3.1 CW measurement

The CW measurement includes all significant phase noise sources within the system
with the exception of the DDFS. This measurement investigates performance limits for
the sounder due to close to carrier phase noise that is present in the synthesised sources

which are used within the sounder and the up and down converters.

To determine the intrinsic performance of the signal conditioning and data acquisition
system the outputs of the two synthesisers at nominally 260 MHz were mixed to
produce a beat frequency of 50 kHz. This signal was provided to the input of the signal
conditioning module within the base sounder receiver. This result is recorded in figures
5.21a and 5.21b. This measurement demonstrates a response in close agreement with
the theoretical response for a Hamming window. [5.2]. The first side-lobe is -45 dB (-43
dB theoretically) with a 6 dB width quantised to 2 bins (1.81 bins theoretically). There
appears to be some small asymmetry in the side lobes which may be due to some phase
shift present across the signal conditioning channel. Since the side lobes are below the
threshold considered for channel sounding measurements this has not been explored
further here.

The DDFS were disconnected within the base channel sounder transmitter and receiver
and were substituted by low phase noise synthesised signal sources. A Fluke 6071A was
used at the transmitter and a Rhode and Schwartz SMS was used at the receiver. At the
transmitter the synthesised source was set to 260 MHz which corresponds to the mid
frequency of the DDFS under normal operation. At the receiver the synthesised source
was offset slightly to produce a beat signal at 50 kHz. This beat signal was then
processed by the signal conditioning and data acquisition in the normal way. The results
of the base sounder for an RF signal of 2.1 GHz are presented in figures 5.22a and
5.22b.
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The performance of the base sounder with the up-converter and down-converter were
then evaluated for each of the bands. The 2.5 GHz converter results are presented in
figures 5.23a and 5.23b, the 3.4 GHz converter in figures 5.24a and 5.24b and for the
5.7 GHz converter in figures 5.25a and 5.25b.

At 2.1 GHz IF and for the responses including the 2.4 GHz, 3.4 GHz and 5.7 GHz there
is some degradation of the noise floor evident due to some additional noise introduced

within the equipment.

The 60 GHz system demonstrates a more significant degradation in the noise floor due
to the additional frequency translation and multiplication within the equipment (Refer to
figures 5.26a and 5.26b). The broad-band noise floor is approximately 12 dB higher
than the noise floor of the 5.7 GHz system. This is in accordance with the X 4
multiplication factor used in the final 60 GHz converters. The close to carrier noise
(immediately adjacent to the main lobe is however only ~ 4dB worse than that of the 5.7

GHz system).
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5.3.2 Investigation of the noise contribution within the base sounder

The down-converters include an explicit filter between the low-noise amplifiers and the
down-conversion mixer. This filter fulfils two functions. Firstly the filter provides a
defined band of signal that the down-converter will process. Second, the filter provides
attenuation of the “image” signal that the converter would otherwise exhibit responses
to. For all the down-converters used here the LO is above the wanted signal. Thus the

image band is above the LO spaced by the IF band.

The wanted response is defined by: IF = LO — Signal band

The image response is defined by: Image band = LO + IF

The amplifiers used here are anticipated to have noise output within the image band as
well as within the signal band. Without a filter that rejects the noise from the image
band between the amplifier and the mixer the IF will contain noise which has been
converted from both the signal and image bands. If the noise contribution were equal
from both bands, the total noise contribution would be doubled. This would cause a
noise figure degradation of 3 dB. The filters included within the down-converters
reduce this contribution to < 0.05 dB.

In the base sounder however, the down-conversion process is from the 2 GHz input
band direct to base-band. The base-band response is 30 kHz to 250 kHz thus the image
frequencies are only 60 kHz to 500 kHz away from the wanted band. Clearly this cannot
be addressed by a filter function in the frequency domain at 2 GHz, particularly since
the sounder is sweeping a band of frequencies that is much greater than the base-band
width. (This issue could be addressed using phasing techniques to provide cancellation
of the unwanted noise sideband, similar to that used in the SSB down-converter.
However this is not what has been implemented here at present.)

On this basis it is presumed that the noise present from the image sideband will
contribute equally and thus the operational noise floor of the base sounder will be
degraded by 3 dB.
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For a double sideband noise contribution, equal amounts of noise will be heterodyned to
the output of the mixer from both the wanted and image signal bands. Under this
condition the effective ENR of the noise source will be 3 dB higher and the noise figure
will be incorrect and be under-reported by 3 dB.

This has been confirmed by measurement. The noise source and the chirp RF signal
were connected to the input of the sounder via a 10 dB directional coupler. The chirp
was connected via the -10 dB coupled path and the levels were adjusted to provide an
input wanted signal level of -100 dBm. The noise source was connected to the
“through” arm of the coupler. The loss of the test configuration for the noise source was
measured to be 0.55 dB using a network analyser. The calibrated ENR for the source
was 15.55 dB at 2 GHz. Hence, the ENR at the input to the sounder was 15 dB. The
noise source was energised and the sounder levels were calibrated in the presence of
noise and chirp. The resultant response is depicted in figure 5.27a. The noise source was
then switched off and the system response was recorded (without adjusting the chirp
signal level or equipment gain settings) as shown in figure 5.27b. The effective noise
figure response can then be obtained by performing a “y-factor” calculation on the
relative shift of the noise floor since this is only due to the change produced by the noise

source as the other gain and signal levels have not been altered.
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From the data in figures 5.27a and 5.27b, the shift in the noise floor is estimated to be:

Noise off — noise on = -144 dBm - -129 dBm =15 dB

ENR =15.55dB-0.55dB=15.0dB

y=15dB, Y=31.62

Using equation (5.1)

F(dB)=15.0-14.86=0.14dB
Since the input amplifier alone of the 2 GHz sounder itself has a specified maximum
noise figure of 1.5 dB we are clearly observing a double-sideband noise conversion.
Thus the actual noise figure is 3 dB above this since the effective ENR is 18 dB.

Measured system noise figure at 2.1 GHz is: 3.14dB

On this basis the noise floor for the operational sounder can be estimated:

Thermal noise density: -174 dBm / Hz

Plus noise figure: 3dB

Plus DSB to SSB factor: 3dB

Plus bandwidth: 25dB (10 Log (1.36*10%4096)
Noise floor: -143 dBm

This value is in close agreement with the observed value (above) of -144 dBm.
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Comments to the single delay data (except 60 GHz)

The data presented in figures 5.29 to 5.52 provide the power delay profile, delay-
Doppler and transfer functions for the 2 GHz IF, 2.5 GHz, 3.4 GHz and 5.7 GHz
sounders for sweep widths in the range 10 MHz to 260 MHz. All functions have been
demonstrated to be stable with signal level. The instantaneous spurious free dynamic
range is 40 dB or greater for all configurations. The spurious level for all configurations
degrades for input level above -80 dBm. This data demonstrate that this is a function of
the base sounder. The Doppler-delay functions are maintained within +/- 2 Hz and +/- 2
delay bins (at the -30 dBc contour) for all configurations. Figures 5.36b and 5.45b show
anomalous behaviour in the delay-Doppler function. This has at times been observed for
all configurations and is believed to be an artefact of the base UMTS sounder. A minor
shift in the delay shown in the delay-Doppler function can be observed for the wide
sweeps. This is consistent with small frequency differences between the transmitter and
receiver rubidium references. These differences are within the specification of the
sources and are typically ~ 5102 The transfer functions demonstrate a worst case
ripple of <~ 1.5 dB. This is equal to or less than the ripple recorded for the base IF
sounder. Note some of the frequency-transfer function plots (for example 5.49) include
narrow spikes. These are due to un-modulated leakage signals which are “swept”

through by the sounder receiver.
Comments on the 60 GHz single delay data

The data recorded for the 60 GHz system was taken including the upgraded DDFS to IF

up-conversion synthesisers.

The data recorded here was obtained with the system configured in a homo-dyne
configuration with the SSB down-converter bypassed. This was to avoid spurious
components at ~ -20 dBc which are produced by the DDFS when operated with a delay
offset to provide the appropriate 12.5 MHz offset for the 60 GHz system.
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The 1040 MHz data demonstrates a discontinuity in the power-delay profile. This is
also represented in the delay axis for the delay-Doppler function. It is possible that this
is due to the 5 GHz IF signal being distorted by the lower edge of the RF filter in the
up-converter. The -30 dBc contour represents 17 range bins. The Doppler is slightly
degraded to ~ +/- 2.5 Hz at -30 dBc. The Doppler is shifted to ~ 0.5 to 1 Hz. This is
consistent with a net difference frequency of ~ 0.5 to 1*10™%. The signal at ~ 800 range
bins is the second harmonic of the wanted signal. This is consistent with an input of -13
dBm to the 60 GHz mixer as only a single 20 dB wave guide attenuator was available to
attenuate the + 7dBm transmit source. A dynamic range of ~ 40 dB has been
demonstrated to the spurious signals for this configuration. Since we are not usually

concerned with components below -30 dBc this provides acceptable performance.

Calibration data was also recorded for a base sounder sweep of 65 MHz to produce a
sweep of 260 MHz at 60 GHz. This was done to provide a comparison between systems
operating over an RF sweep of 260 MHz. This demonstrates performance very similar
to that achieved for the lower frequency sounders. The delay component for the delay-

Doppler function is contained within 5 bins at the -30 dBc contour.
5.3.4 Two-path delay discrimination

The two path delay discrimination provides a confirmation of the multi-path time delay
resolution that is achievable by the channel sounder. The test is performed by splitting
the signal from the transmitter to the receiver into two paths of nominally equal
attenuation. One path is delayed relative to the other using additional transmission
distance [5.3]. The attenuator in the “short” path is adjusted to provide approximately
equal signal levels from the direct and the delayed path. Coaxial cable was used to
provide the delay for the low frequency systems (refer to figure 5.61). Waveguide was
used for the 60 GHz system (refer to figure 5.62). The delay element is selected
appropriate to the bandwidth of the system being evaluated.
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5.4 Antenna patterns for the 5.7 GHz array

The 5.7 GHz antenna array was measured using the test configuration described in
section 4.6 with the up-converters, down-converters and four-channel quadrature down-
converter configured as shown in figure 4.61. Pattern data were recorded for 5° angular
rotations with a separation between the test source and the antenna under test of
approximately 2 m. The measurements were performed within a general laboratory
environment which was not anechoic. This provides a lower limit for the off-axis
measurement level for this particular measurement. However the measurement does
show that the antenna array provides approximately a useful gain response for each
antenna across the respective 90° sector, with the adjacent sectors crossing at the point
where the antenna gain response has reduced by 3 dB relative to the maximum. This is

depicted in the Cartesian antenna response plot (refer to figure 5.80).
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The measurement limits of the sounder and the frequency converters have been
investigated in detail. The performance of the sounder with the 2.5 GHz, 3.5
GHz and 5.7 GHz converters has been demonstrated to be virtually identical to
the base 2 GHz sounder in all respects (transmit flatness, sensitivity, residual

transfer function and delay resolution).

The four-channel converter demonstrates similar conformity of performance
including close matching between channels for all parameters. The channel
isolation has been demonstrated to be virtually identical to that previously

demonstrated for the parallel channel receiver at 2 GHz.

The 60 GHz sounder has demonstrated basic levels of functionality. It has been
possible to demonstrate that the equipment is capable of making power delay
profile, Doppler ambiguity and frequency transfer function measurements. The
close to carrier phase noise is sufficiently low that the width of the CW
measurement is virtually identical to that of the lower frequency systems. The
measured width of the CW response of the 60 GHz system is approximately 1
kHz wide (equivalent to four “range-bins”) at the 30 dB threshold. The noise
floor for the power delay profile is ~ 12 dB higher than the 5.7 GHz system.
This is in reasonable agreement with the phase noise increase expected for X4
multiplication. This result also indicates that the dominant source of residual
noise in the 60 GHz sounder at this signal level is phase noise. This is
reasonable in view of the wide band phase locked loops that have been used in
the frequency converters. A small shift (~ 1Hz) in the Doppler domain can be
observed. This represents a short term stability of approximately 1*10™"! for the

Rubidium references. This is in accordance with the specified performance.

The directional antenna assembly has been calibrated using the frequency
converters in conjunction with the quadrature down-converter, antenna
positioning and data acquisition system. The front to back isolation could not be

measured fully due to the non-anechoic environment. However the measured
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main-lobe performance demonstrated close agreement with the manufacturer’s

stated bandwidth of 90° at -3 dB.
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6.1 Introduction

The different channel sounder configurations have been used to perform measurements.

The configurations that have been used are summarised below:

Three-band outdoor configuration

This data set uses the three-band configuration with simultaneous 10 MHz sweep width
in all three bands. Separate band specific antennas were used for both the transmitter
and the receiver. The transmitter antennas were directional with azimuth beam-widths
of 30° at 2.5 GHz, 30° at 3.5 GHz and 120° at 5.7 GHz. The receiver antennas used were

omni-directional in azimuth.

Three-band indoor configuration

This data set uses the three-band configuration with simultaneous 150 MHz sweep
width in all three bands. The sweep outputs from each transmitter were combined using
wideband (2 GHz to 9 GHz) couplers. A common wideband discone antenna was used
for all three bands at the transmitter. An identical antenna and coupler configuration was
used at the receiver. The antennas used were omni-directional in azimuth. The
transmitter and the receiver were both located inside the building for most
measurements. A sub-set of the measurements were made with the transmitter inside the
building and the receiver outdoors. Some measurements were made with the receiver

moving to deliberately generate Doppler shift.

Four-channel 5.7 GHz outdoor configuration

These measurements were made using a sweep width of 260 MHz in the 5.7 GHz band.
An omni-directional antenna was used at the transmitter. Four directional antennas were
used at the receiver in conjunction with the four-channel down-converter. An initial set
of 15 measurements were made using +10 dBm input power to the transmitter antenna.

Subsequently an additional set of 59 measurements were made using +28 dBm input
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power to the transmitter antenna. The down-converter channel that demonstrated the
highest peak signal level has been selected. The delay parameters have been processed
for this channel of the down-converter. Examples of the power delay profiles recorded
for all four antennas in the array have been provided to demonstrate spatial

discrimination.

60 GHz

A limited set of data has been included to demonstrate the operation of the 60 GHz
sounder. These measurements were made with a sweep width of 1,040 MHz using 20

dBi conical horn antennas at the transmitter and receiver.

6.2 Three-band sounding outdoors

The transmitter antennas were mounted on the roof of the Portman Road telephone
exchange located on the western side of Ipswich town centre. The transmitter antenna
orientation was approximately north-west at a height of approximately 15 m. The
receiver antennas were mounted on the roof of the survey vehicle at a height of

approximately 2 m.

A total of 178 files were recorded for the western side of Ipswich. Figure 6.1 describes
the general area that was investigated using the channel sounder with twenty example
locations depicted in the map. Each data file includes the sounder data for three
channels corresponding to the 2.5 GHz, 3.5 GHz and 5.7 GHz bands. The power delay
profiles for all three bands within a file were individually examined. The files were
selected on the basis that the signal to noise ratio was sufficient to provide a power
delay profile for all three bands down to a threshold level of 20 dB below the peak.
Files that did not satisfy this requirement for all three frequencies were excluded from
the results. This reduced the data set to 131 files. This data set has been used to compute
the cumulative distributions for the average delay and the RMS delay spread at
threshold levels of -10 dB, -15 dB and -20 dB below the peak of the power delay
profile.
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Results for this restricted set are presented in figures 6.14 to 6.16 (average delay) and
figures 6.17 to 6.19 (RMS delay spread). These figures demonstrate that the trend for
the distributions to shift to the right (larger delay parameter) as the threshold value of
the power delay profile is reduced also applies for the -25 dB and -30 dB thresholds.

Example power delay profiles and channel transfer functions are presented in figures
6.20 through 6.25. (Disturbances on the 2.5 GHz transfer functions are due to self

interference which was later corrected).

Figure 6.20 is a power delay profile that exhibits a generally low level of multi-path.
Some delay is observable on the wider response for the 2.5 GHz band. Figure 6.21 is the
corresponding frequency-transfer function. This shows a small amount of frequency
selective behaviour (<2 dB) at 3.5 GHz and 5.7 GHz. The 2.5 GHz transfer function
shows significant frequency selective behaviour (~8 dB ripple).

Figure 6.22 is the power delay profile for a channel with significant multi-path present
for all three bands. The power delay profile shows the signal arrival followed be
decaying echoes in the channel over a period of ~1.5 us to the -30 dB threshold. This
represents a diffused set of scattering events. Figure 6.23 is the corresponding
frequency-transfer function which shows significant frequency selective behaviour
across all three bands (~8 dB ripple).

Figure 6.24 is an interesting power delay profile that exhibits two distinct peaks in the
power delay profile of near equal amplitude. The profile is also similar for all three
bands. This represents two signal paths between the transmitter and receiver. This is
probably a direct plus a reflection from a plain surface. Figure 6.25 is the corresponding

frequency-transfer function for this path.
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6.3 Three-band sounding indoors

The channel sounder was operated in a three band configuration with a channel width of
150 MHz simultaneously in the 2.5 GHz, 3.5 GHz and 5.7 GHz bands. Three different
transmitter locations were used in the Durham school of engineering. The receiver was

then moved to different locations and the channel sounding was recorded. A total of 96

files were recorded with a power delay profile that could be used down to 30 dB below

the peak. Of these, 8 files were recorded with the receiver outside the building.

The distribution of the average delay measurements are shown in figures 6.26 to 6.28
for each of the three bands. Figures 6.29 to 6.33 provide a comparison of the average
delay distribution between the bands for the -10 dB, -15 dB, -20 dB, -25 dB and -30 dB
thresholds. The 50% and 90% intervals of the distribution are recorded in table 6.3.

Frequenc
Threshold value|interval d d Delay
2.5 GHz|3.5 GHz|5.7 GHz
10 dB 50% 22 19 22 ns
90% a7 44 53 ns
15 dB 50% 27 24 30 ns
90% 59 53 70 ns
20 dB 50% 32 30 38 ns
90% 71 59 73 ns
25 dB 50% 35 32 40 ns
90% 77 65 80 ns
30 dB 50% 40 37 44 ns
90% 90 77 85 ns

Table 6.3 Average delay measured indoors

The distribution of the average delay measurements are shown in figures 6.34 to 6.36
for each of the three bands. Figures 6.37 to 6.41 provide a comparison of the RMS delay
spread distribution between the bands for the -10 dB, -15 dB, -20 dB, -25 dB and -30
dB thresholds. The 50% and 90% intervals of the distribution are recorded in table 6.4.
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Frequenc
Threshold valueuﬂerval d y Delay
2.5GHz|3.5 GHz[5.7 GHz
10 dB 50% 16 15 15 ns
90% 33 30 37 ns
15 dB 50% 20 20 22 ns
90% 42 37 37 ns
20 dB 50% 23 22 22 ns
90% 45 42 42 ns
95 4B 50% 26 24 30 ns
90% 48 43 54 ns
30 dB 50% 28 26 33 ns
90% 49 43 46 ns

Table 6.4 RMS delay spread measured indoors

Figure 6.42 shows the power delay profile recorded while moving the receiver towards

the transmitter. This demonstrates a very similar power delay profile for the three bands.

Figures 6.43 to 6.45 show the delay / Doppler plots for the three bands. All three
demonstrate positive Doppler shifts that scale with frequency (red line is the contour at
5 dB below the peak).

Figure 6.46 shows the power delay profile recorded at nominally the same location as
presented in figure 6.42. This time the movement of the receiver is away from the

transmitter. This also shows very similar power delay profile for the three bands.

Figures 6.47 to 6.49 show the delay / Doppler plots for the three bands. All three

demonstrate negative Doppler shifts that scale with frequency (red line is the contour at
5 dB below the peak).

Figure 6.50 shows a power delay profile that was measured across the indoor / outdoor
boundary. This shows quite frequency selective behaviour. This is shown for the

individual bands in figure 6.51 to 6.53.
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6.4 Four channel sounding at 5.7 GHz

Wideband channel sounding was performed outdoors using the 5.7 GHz four channel

system.

The transmitter antenna used a 6 dBi omni-directional antenna. The antenna was raised
to a height of 6 m using a tripod mounted mast located on the roof of the three storey
section of the Durham school of engineering building. The channel was swept from 5.54
GHz to 5.80 GHz. The four channel antenna array was mounted on the pneumatic mast

fitted to the landrover survey vehicle as shown in figure 4.66.

The survey vehicle was moved to the locations recorded on the map with the antennas
orientated as shown on the map (figure 6.54). In a number of the locations data was
taken with the mast extended as well as with the mast collapsed. The retracted antenna

height is 2.5 m. The antenna height extended is 7.8 m.

An initial set of 20 files were recorded which were usable down to 20 dB below the
power delay profile peak. These locations correspond to the numbered locations on
figure 6.54. Fifteen of these files were usable to 30 dB below the peak. This data set
was combined with a further 59 measurements that were performed in the same general
locations. This provided a total set of 74 files usable to 30 dB below the power delay
profile peak.

The cumulative distribution of the average delay as a function of threshold is recorded
in figure 6.55. The cumulative distribution of the RMS delay spread as a function of

threshold is recorded in figure 6.56.

The average delay and the RMS delay spread at the 50% and 90% interval of the
distributions are detailed in table 6.5.
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Threshold value | Interval | Average Delay | RMS Delay Spread
10 dB 50% 14 14 ns
90% 109 74 ns
15 dB 50% 28 30 ns
90% 135 115 ns
20 dB 50% 42 42 ns
90% 180 145 ns
25 dB 50% 52 56 ns
90% 250 185 ns
30dB 50% 66 78 ns
90% 400 275 ns

Table 6.5 Average delay and RMS delay spread, 5.7 GHz, 260 MHz sweep

An example set of power delay profiles for the four channel system is shown in figures
6.57a to 6.57d. The antenna orientation and location is identified as location #14 in

figure 6.54.

Channel 1 is connected to the antenna which is pointing away from the transmitter. It is
also pointing towards building clutter further down the street. The power delay profile
shows signals arriving at a time similar to the main signal observed for channel 3. This
signal represents the finite front to back spatial discrimination for this antenna and also
includes signals which are being reflected by close scattering sources. The main signal
in the power delay profile can be seen to be due to the signal that has been reflected
from the building clutter further down the street. This signal appears ~ 2 ps after the

main signal has arrived. This represents a distance of ~ 300 m to the reflection.

Channel 2 is connected to an antenna which is pointing at a three story building block
that is opposite the Durham student union and is higher than the Durham student union

building. This antenna exhibits responses to both the direct and reflected signal.

Channel 3 is connected to the antenna pointing towards the transmitter. The signal is
being propagated along a street with buildings of two to four stories height. The

reflected signal that is present on channel 1 is evident just above the noise level.
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6.6 Discussion of the channel sounding results

The delay measurements made in Ipswich do not appear to demonstrate any significant
frequency dependency. The data does show a small reduction at 5.7 GHz relative to the

results at 2.5 GHz and 3.5 GHz. The difference is however limited to a few percent.

The indoor delay measurements made at Durham using common antennas also do not
appear to be significantly frequency dependent. There does appear to be a slight bias to
the data. The average delay and delay spread results show slightly greater values at 5.7
GHz relative to those at 2.5 GHz. The results at 3.5 GHz show slightly lower values
than those obtained at 2.5 GHz. The spread of results is within 10 % in any case.

These results are significantly different to the results obtained by Nobles et al [6.1] who
observed that the delay spread decreased with increasing frequency. Specifically the
RMS delay spread at 17 GHz was observed to be only 30 % of the value observed at 2.5
GHz. It is believed that this discrepancy may be explained by changes in the antenna
characteristic and experimental bias in the observation of only the more favourable
paths at high frequencies. The Nobles experiment used a bi-conical antenna. This will
tend to exhibit an elevation beam-width which reduces as the wavelength decreases.
The will attenuate the off-axis components as frequency rises. In addition, it was
observed in the “Ipswich” measurements performed in this research that high
frequencies were generally more attenuated than lower frequencies. Thus the data set
becomes skewed in that only the high frequency paths which experience lower
attenuation are recorded. These tend to be the more direct paths which have experienced
less scattering and hence have lower delay spread. It has been observed here that when
the data sets are compared on an equivalent basis, then this effect is eliminated. The
data sets have been organised to only compare data from locations where viable paths
were simultaneously available at the measurement threshold for all three frequencies.
This eliminates the frequency selective bias. On this basis the correct interpretation is
that the overall path loss in the environment is lower at lower frequencies. This allows
lower frequencies to be propagated over less favourable paths. Hence delay spread for

the population of viable paths appears to reduce with increasing frequency. However,
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the delay spread for the population of paths where propagation is viable over the range

of frequencies under investigation has been observed here to be frequency independent.

The Doppler results demonstrate scaling with frequency and directional discrimination.
These results also demonstrate the ability of the sounder to discriminate between

Doppler components from different multi-path components.

The four channel 5.7 GHz sounder and directional antenna array appears to demonstrate

useful spatial discrimination.

The data collected at 60 GHz is limited at this time. A basic level of functionality has
been demonstrated. However the data set is insufficient to provide any statistically

relevant conclusions at this time.
6.7 Reference
[6.1] P. Nobles, D. Ashworth, and F. Halsall; “Indoor Radiowave Propagation

Measurements at Frequencies up to 20 GHz”; In Proceedings 44th IEEE
Vehicular Technology Conference, June 1994.
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7.1 Summary and conclusions

a. The primary objectives for this work were to provide channel sounders
capable of operating in the band between 2.5 GHz and 6 GHz and to use

these to derive measured channel data.

b. Operational sounders have been demonstrated in the 2.5 GHz, 3.5 GHz and
5.7 GHz bands. In addition a four channel version has been produced to

provide a parallel receiver operating in the 5.7 GHz band.

c. These sounders have been subjected to detailed assessment through an
extensive verification process. This has demonstrated operational
performance that is virtually identical to that obtained from the base sounder
at 2 GHz.

d. The capability to make simultaneous soundings in all three bands (2.5 GHz,
3.5 GHz and 5.7 GHz) has been demonstrated.

e. This activity has been supported with a novel parallel channel phase-tracking
quadrature down converter which has been demonstrated to provide relative
amplitude and phase calibration of antennas. This has been extended to make

relative antenna measurements for antenna arrays in the 5.7 GHz band.

f. Field measurements have been supported with a survey vehicle that has been

specifically adapted to the channel sounders developed here.

g Discone antennas that provide useable response from 2.2 GHz to 6 GHz

have been produced.

h. Useful data has been collected in the 2.5 GHz, 3.5 GHz and 5.7 GHz bands
which show that the average delay and RMS delay spread are essentially

7-1




Chapter 7: Conclusions and Suggested Further Work

independent of frequency for the antenna configurations and environments

assessed.

i. The four channel parallel sounder used at 5.7 GHz with a directional antenna
array demonstrates the capability of providing differentiation between the

signals arriving at each antenna.

j- Non-linear frequency conversion of the FMCW chirp signal has been
successfully demonstrated. This has supported the development of a 60 GHz

sounder with > 1 GHz of channel width.

k. This has also been supported with the development of a SSB IF down-
converter which has demonstrated > 50 dB of sideband rejection across the

full data acquisition bandwidth.

L. The frequency converters have required the design and development of a
wide range of application specific circuit functions including signal sources

(synthesisers) amplifiers, multipliers and filters.

m. A novel impedance-matched broad-band frequency selective attenuator has

been implemented to provide amplifier gain equalisation.

n. A novel broad-band balanced X3 multiplier structure has been realised with
useful performance from 2 GHz to 3 GHz input to provide 6 GHz to 9 GHz

output.

7.2 Suggested further work

1. It would be useful to fully characterise the antennas used for the three band
measurements in Ipswich. This will become practical when the Durham

anechoic chamber and antenna positioning system are available.
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Similarly it would be useful to perform a full assessment of the discone

antenna within an anechoic test environment.

Similarly it would be useful to calibrate the directional 5.7 GHz antenna

array within an anechoic environment.

The 60 GHz sounder work needs to be completed. It is proposed to use the
IF translation synthesisers to provide the sweep offset. This requires minor
adjustments to the centre frequency of the SSB down-converter from 12.65
MHz to 13.48 MHz. This requires re-tuning of the 12.5 MHz to 13 MHz
input filter and the intermediate 2.5 MHz to 3.0 MHz filters.

A measurement campaign at 60 GHz should be performed to provide

statistically relevant results.



Annex 1: Circuit Schematics

a. Low noise 10 MHz OCXO reference support card
b. 10 MHz reference distribution card

c. Main power supply card

d. Auxiliary (-12 V) power supply card

e. Micro-controller

f. 10 MHz to 40 MHz X4 multiplier

g. Synthesiser

h. Radio frequency X2

i. Radio frequency X3

J 2.5 GHz frequency converter

k. 3.3 GHz to 6.0 GHz up-converter

L 3.3 GHz to 6.0 GHz down-converter

m. 2.3 GHz to 6.0 GHz power amplifier

n. 2.5 GHz low noise amplifier

0. 3.3 GHz to 8 GHz local oscillator buffer amplifier
p- Base-band pre-amplifier

q. Single-sideband down converter
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Antenna Array and Quadrature Calibration for Angle of Arrival Estimation

M. ABDALLA, S.M. FEENEY, and S. SALOUS
Department of Electrical Engineering and Electronics
UMIST, P.O. BOX 88, Manchester M 60 1QD UK

ABSTRACT

This paper reports on an active method that accurately
measures the magnitude and phase information of
multiple antenna arrays. The proposed method allows the
estimation of amplitude and phase responses
simultaneously. The analysis, architecture and
implementation of the 1/Q down-converter are described
and the experimental results for single and multiple
antennas are presented. Theoretical aspects supported by
design, implementation and experimental results for the
extraction of the antenna characteristics (amplitude &
phase) will be presented. We have measured the phase
and amplitude distributions of multiple antenna arrays at
2 GHz. The experimental results are in close agreement
with the theoretical expectations. The measured
amplitude and phase error is less than +/-1 dB and 2
degrees respectively and the system exhibits a dynamic
range of 55 dB. The proposed measurement system is
part of the channel sounder developed at UMIST and will
be used for the estimation of angle of arrival in mobile
communications.

Keywords: Antennas Array, Angle of Arrival, MIMO,

1. INTRODUCTION

Multiple antennas have drawn a great deal of interest
recently as an essential component for channel
characterisation systems. Measurements using multiple
antennas provide angle of arrival information, and data
necessary for the design of smart antennas and spectrally
efficient systems such as multiple input multiple output
(MIMO) systems. Assessment of frequency division
duplex channels requires an optimal knowledge of both
amplitude and relative phase characteristics of the
antenna system.

With the introduction of the intelligent base station
employing smart or adaptive antennas it is expected that
the capacity and data rate of future cellular systems will
be increased, thus producing high transfer rates and better
quality services. Smart antennas employed at both base
station and mobile station will be able to steer the antenna
beam to minimize the effects of the interference and the
multipath propagation, between the co-channel base

stations and out stations therefore improving the overall
system performance.

For several years UMIST has been undertaking a
program of research into the characterization of the
mobile channel within the 2 GHz frequency band. Several
measurements have been taken within different
environments and locations. A chirp sounder has been
designed and implemented to take these measurements.
Recently, a dual frequency chirp sounder has been up-
graded to eight parallel channels at the receiver. By
connecting an eight-element array of antennae to the
channel, it is possible to extract the direction of arrival of
each multipath component. Several types of antenna
arrays have been designed and constructed to facilitate
these measurements.

This paper describes a practical implementation of a
quadrature down-converter that has been demonstrated to
characterize amplitude and relative phase responses for
an antenna array to support double directional estimation.
The paper is organized as follows. Section 2 contains a
brief description of the UMIST multiple channel sounder.
Section 3 addresses the antenna array arrangement for
angle of arrival estimation. In section 4 we describe the
antenna array to be characterized. Section 5 presents the
direct conversion approach as a method for extracting the
amplitude and phase responses. Section 6 provides a full
description for the 1/Q down-converter technique. Section
7 details the measurement set-up. The experimental
results illustrating the performance of the system are
given in section 8. Section 9 concludes the paper.

2. UMIST MULTIPLE RECEIVER CHIRP
SOUNDER

To meet the new requirement of MIMO channel
characterization, the dual frequency sounder that had been
designed and implemented at UMIST has been enhanced
to support eight simultaneous channels at the receiver side
[1, 2]. The chirp sounder transmits a signal that is
characterized by a linear frequency increase or decrease
over B Hz in T s. At the receiver, the signal is compressed
in bandwidth using the heterodyne detector whose output
over T seconds consists of the sum of the attenuated beat
notes. These beat notes correspond to the different



multipath components present in the channel during that
sweep. The frequency of each beat note is proportional to
the product of the time delay of the echo and the sweep
rate (B/T). Hence, the beat notes may therefore be
spectrally analyzed (via FFT for example) to show the
different multipath components arriving at the receiver. By
observing the variation over a number of sweeps, the time
variation and arrival times of the various multipath
components can be resolved. Positional information was
derived from GPS and a wheel sensor to log the
measurement positions of the channel impulse response
soundings.

3. ANTENNA ARRAY ARRANGEMENT AND THE
DIRECTION OF ARRIVAL

Optimal direction of arrival measurements requires
knowledge of both the amplitude and phase characteristics
of the antenna system. To estimate the angle of arrival of
multipath components resulting from rich scattering and
reflection off buildings, the sounder must have the
capability of angle estimation in the spatial domain. For a
multi-channel sounder this is achieved by employing an
array of antennas, each connected to a separate receiver
channel. The channel measurement is processed 1o resolve
the time delay of the multipath components received at the
associated antenna.

A number of antenna array configurations such as, linear,
circular, rectangular, zigzag, “L” shaped, and “X” or “Y”
crossed elements have been considered and simulated to
predict their effects and characteristics in an array
geometry [3]. Each of these arrangements has advantages
and drawbacks. Since the angle of arrival with 360 degrees
coverage is desired a uniform circular array arrangement
has been selected to support this requirement. To enhance
the angular resolution capability of the sounder, it is
possible to steer the antenna beam to one of three positions
using electronic phase shifters. Thus providing a total of
24 beams for an array of eight antennas. By employing a
super-resolution algorithm, the measurements of the angle
of arrival as well as the direction of departure can be
deduced.

4. ANTENNA ARRAY DESIGN

Briefly stated, the principle of operation and design for the
antenna array is reported in [5], the full antenna description
and design is a separate issue from the array
characterisation. The antenna is a double-sided strip dipole
etched on thin dielectric substrate with relative permittivity

£, =2.2 and a thickness of 1.57 mm. It consists of two

series-fed printed strip dipoles. Two printed strip dipole of
different lengths, with the arms printed on opposite side of
an electrically thin substrate connected through a parallel

strip line. The antenna is fed from a conventional 50-Q
connector through a micro-strip to parallel strip-line multi-
section quarter-wavelength transtformer. A shaped ground-
plane reflector supports the antenna array. This provides
support and restricts the radiation pattern to the end-fire
direction. The primary features of the antenna are low cost,
low weight and that it is easy to construct with high
repeatability. The antenna provides a bandwidth of greater
than 30 % for VSWR <1.5. To optimise the antenna beam
to provide 45-degrees of interval resolution in the azimuth
plane and to increase the antenna gain the elements of the
antenna array are combined using a Wilkinson power
combiner.

These antennas are fixed to a frame such that each antenna
provides coverage of 45-degrees per sector giving in total
360 degrees coverage. The spacing between the antennas
was kept to the minimum compatible with the mechanical
arrangement. Since we are dealing with array geometry
rather than a single antenna, it was anticipated that there
would be coupling between the antenna elements. Thus
calibration of the array must be performed with all
antennas in the array present and active.

5. DIRECT CONVERSION TECHNIQUE

Initial measurements were attempted using quadrature
down conversion from the measurement frequency
directly.

1/Q Direct-Conversion

Figure 1. Block diagram of direct conversion architecture

In such a system, the signal under characterization (in this
case from the antenna under test) is split into two equal
level samples. Each of these signals is then down-
converted to base-band (dc plus low frequency
components) using a mixer. Each of these mixers is
operated with local oscillator drive signals that are
maintained in phase quadrature (90 degrees phase
difference).

Two output signals are then available for processing, with
each signal having a magnitude component only.

The total signal magnitude is then defined as the
magnitude of the vector described in the 1/Q plane.



Thatis: Magnitude = /1" + 0’

The phase angle between the signals is defined by the
angle of the vector in the 1/Q plane referred to the real “I”
axis.

Thatis: @ = tan"(%)

In principle it is possible to perform the quadrature down-
conversion directly at the frequency of operation of the
antenna.

The principal problems when performing direct down
conversion were observed to be:

1. The presence of an offset voltage at the output of the
down-converting mixers.

2. Quadrature errors in the mixer local oscillator drive
signals.

3. Phase noise due to the summation of the phase noise
present in both the transmit source and the receiver
local oscillator.

It was observed that this approach was severely limited.
This was due to the difficulty in controlling the
quadrature components, the limited output swing from
the radio frequency mixer, the relatively high (and
variable) offset voltage and the sensitivity to phase-noise
within the RF sources. Consequently this approach was
abandoned and an approach using a fixed frequency
measurement subsystem in conjunction with a primary
down-converter has been developed as an alternative
method to extract the amplitude and phase response.

6. FOUR CHANNEL I/Q DOWN-CONVERTER

The quadrature down-converter consisted of a reference
channel and four identical measurement channels.

All channels included a band-pass filter operating at 10
MHz with a bandwidth of +1 MHz that reduced the
influence of out-of-band signals on the measurements.

The reference channel provided quadrature local
oscillator signals at 10 MHz that were phase locked to the
10 MHz reference signal. An automatic level control loop
was included to ensure that the loop gain and therefore
tracking bandwidth was independent of input signal level.
The phase locked loop also included automatic in-lock
detection and automatic sweep to acquire initial phase
lock.

1Q Down-Converter

? : . Dln':‘l
P> e e

Figure 2. Block diagram of I/Q down-converter module

The four measurement channels were identical. The input
signal was split into two, each of these was down-
converted to dc using the appropriate quadrature local
oscillator signals. Each measurement channel provided
two outputs. The first of these corresponded to
multiplying the input signal with the in-phase local signal
from the reference channel-tracking oscillator. The
second channel corresponded to the quadrature phase
local signal from the reference-tracking oscillator. These
formed the “I” and “Q” outputs which were then digitized
using an eight input data acquisition card with 12-bit
accuracy.

The quadrature down-converter was evaluated to
determine the available precision of measurement and to
confirm the carrier tracking operation.

The attenuation of close to carrier disturbances was
evaluated by providing a stimulus to both the reference
channel and one of the measurement channels
simultaneously.  This stimulus was a high index
frequency modulation applied to the 10 MHz signal. A
peak-to-peak deviation of 50 kHz was applied with a
modulation frequency of 10 Hz. This corresponded to a
peak-to-peak phase deviation of 31000 radians. The
output of the down-converter was observed to indicate a
resultant phase deviation of 0.056 radians. Thus the
overall attenuation plus residual frequency to phase
distortions due to filter delay, I/Q precision, etc was
observed to be 115 dB.

The down-converter was characterized for the following:

Residual offset voltages (Offset “I” and Offset “Q”)
Residual phase errors (Phase reference)

Amplitude differences (Amplitude reference)
Quadrature errors (Quadrature 1:Q)

Cross talk between channels

Amplitude dynamic range

Phase measurement dynamic range



Channel Chi | Ch2 | Ch3 | Ch4
Offset “1I” -0 | -LO | 01 | -05
(mV) | (mV) | (mV) | (mV)

Offset “Q” 08 | -1.0 | -06 | -06

(mV) | (mV) | (mV) | (mV)

Phase Reference | 90.0° [ 89.9° | 90.0° 90.0°

Amplitude -0.18 | -0.16 | +0.33 0dB
Reference (dB) (dB) (dB) (ref)

Quadrature 1:Q | 90.0° | 91.6° | 90.9° 90.6°

Cross talk (Channels 3 to 4) <2mV peak, equivalent to <-
66dB.
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Figure 3. (a) The measured amplitude, (b) phase
response of the quadrature down-converter.

The above graphs show that the quadrature down-
converter demonstrated measured amplitude accuracy
within 1dB and a measured phase angle within +/-1
degree for an input level range of -85 dBm to —30 dBm.

Measured PLL Tracking Response
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Figure 4. The measured frequency response of the
tracking loop.

The above figure describes the measured frequency
response of the tracking loop. This is a second order loop
with a corner frequency of approximately 800 kHz.

7. MEASUREMENT SET-UP

To accurately characterise the antenna array it is necessary
to perform the measurement of the magnitude and phase
response in an anechoic environment. The antenna
calibration rig was comprised of a turntable on which the
antenna array under test is mounted and a separate test
transmitter. The antenna was characterized at 2 GHz. The
corresponding wavelength was 0.15 m. The antennas under
test had an effective aperture of approximately 0.2 m. A
separation of 5m was used to ensure that the measurements
were performed in the far field for the transmitter antenna
and the receiver antenna under test.

Antenna Test Set
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Figure 5. Block diagram of the antenna test set

The system consisted of a test RF source, a multi-channel
RF down-converter, a multi-channel quadrature
demodulator and a data acquisition unit. The RF test
source and the RF down-converter are specific to the
frequency range under measurement. The multi-channel
quadrature down-converter is independent of the
frequency range under measurement.



The test RF source consisted of a 2 GHz voltage
controlled oscillator (VCO) that was phase locked to a 10
MHz reference. A sample of the output of the VCO was
used to provide a reference signal for the receiver. An
amplifier was included to provide sufficient output from
the test RF source transmit antenna to enable peak signals
of -30 dBm at the input of the quadrature down-
converter.

The multi-channel RF down-converter was implemented
using a VCO phase locked to the same 10 MHz reference
used for the transmitter. An offset of 10 MHz was set
between the sources used by the RF test source and the
RF down-converter. Thus the outputs from the multi-
channel down-converter were at 10 MHz.

One channel of the multi-channel down-converter was
used to mix-down the sample signal from the RF test
source and was used to provide a reference signal input to
the multi-channel quadrature down-converter. The other
four channels of the RF down-converter were used to
perform down-conversion of the 2 GHz signals from the
outputs of the antenna array under test to an intermediate
frequency of 10 MHz. The 10 MHz intermediate
frequency signals were then down-converted to extract
quadrature dc outputs using the four-channel quadrature
down-converter.

The quadrature down-converter used a local oscillator
which was phase locked to the reference input. The phase
locked local loop ensures that the multi-channel
quadrature demodulator processes the measurement
channels with a source that was phase coherent to the
effective carrier of the 10 MHz intermediate frequency
signals. This effective carrier contained phase noise
terms that were due to both 2 GHz RF sources. The
phase locked loop therefore also provided a means to
attenuate close to carrier noise that would otherwise
cause the output voltages to be smeared in phase.

The output of the quadrature down-converter consisted of
eight voltage outputs with an “I” and “Q” value assigned
to each of the four input channels. These voltages were
then logged into a computer via an eight-channel data
acquisition card with 12-bit accuracy. The computer also
provided the stimulus to a rotator unit such that the
antenna array could be characterized over 360 degrees of
rotation.

8. RESULTS

Two sets of measurement have been performed. The first
set of measurements a logarithmic amplifier to derive
magnitude only. The second series of measurements used
used the I/Q down-converter to derive magnitude and
phase.

Figures 6a and 6b depict the measured performance of
an antenna that has been characterized using both the 1/Q
down-conversion technique and direct amplitude
measurement using a successive detection logarithmic
amplifier (also operated at 10 MHz).

Close agreement can be observed with both methods over
the relevant measurement range.

Amplitude Response of a Single Antenna

Normalised Amplitude Response [dB]

Azimuth Angle [Deg]
(a)

Amplitude Response of a Single Antenna

Normalised Magnitude Response [dB]

Azimuth Angle [Deg]

(b)

Phase Response of a Single Antenna

Phase Response [Deg]

Azimuth Angle [Deg}

©
Figure 6. Experimental results for a single antenna (a)
amplitude with log-amplifier, (b) amplitude with [/Q
down-converter, (¢) phase with 1/Q down-converter



Amplitude Response of Eight Antennas
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Figure 7. Experimental results for the amplitude of the
realized eight-element antenna array (a) with log-
amplifier, (b) with I/Q down-converter.

Figures 7a and 7b display the responses of eight antennas
as a function of azimuth angle. It can be observed from
the figure that the 3dB points of consecutive antennas
cross to provide full coverage in azimuth over 360
degrees.

9. CONCLUSIONS

We have presented an efficient method to measure the
amplitude and phase response for multiple antenna arrays
simultaneously. Measurements carried out using the
method described show the successful application of the
technique. The measurements obtained are in good
agreement (in terms of amplitude) between the results
from logarithmic amplifier and the quadrature down-
converter. The measured amplitude and phase error
derived from the system are +1dB and 2 degrees
respectively. The proposed system will form part of
multiple antenna channel sounder for the estimation of

direction of arrival and direction of departure for
multipath components.
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5. Discussion and Conclusions

Basic channel sounding behaviour has been demonstrated
simultaneously at 3.5 GHz and 5.8 GHz.

Future work will be concerned with further simultaneous
measurements and with the upgrading of the sounder for
SIMO and MIMO measurements at the extended frequency
bands.
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ABSTRACT

Single input single output (SISO) and multiple input multiple output (MIMO) measurements at frequencies between 2-6
GHz have been performed using a specially designed and implemented multiple receive channel sounder. These include
simultaneous SISO measurements at three frequency bands in rural environments and wideband MIMO measurements
at two frequencies in a TV studio environment. The paper briefly discusses the architecture of the sounder and the
results of the various measurements are presented.

INTRODUCTION

A dual band channel sounder with eight parallel receive channels has been designed and implemented to perform
various single input multiple output SIMO and MIMO measurements at the two frequency division duplex bands of
UMTS [1]. New wireless communication systems are being deployed in the bands above 2 GHz. Some of these
systems may be operating within several possible bands in the unlicensed spectrum such as the 2.5 GHz, 3.5 GHz and
5.2/5.8 GHz bands. Successful deployment of commercial services in these bands will require an understanding of the
propagation within various indoor and outdoor environments. To characterise these frequency bands, up-converters and
down-converters with either a single channel or multiple receive channels have been designed and implemented. The
upgraded channel sounder was then used to perform simultaneous frequency measurements at 2.5 GHz, 3.5 GHz and
5.8 GHz in rural areas for the characterization of WMAN channels with SISO configuration. These were performed
with 10 MHz bandwidth, and subsequently processed with 5.7 MHz bandwidth for the 2.5 GHz and 3.5 GHz bands or
with 10 MHz bandwidth for the 5.8 GHz band. The data were processed to determine various channel functions, which
include the time variant frequency function, and the power delay profile. While the transfer function is preferred for the
simulation of OFDM modulation as proposed for WMAN systems, the power delay profile can be used to determine the
number of significant multipath components to use in a tapped delay line simulator.

MIMO measurements were performed either at a single frequency using up to eight receive channels or simultaneously
at two frequencies using four receive channels at each frequency band. The single frequency measurements were
carried out at the uplink frequency of UMTS using 60 MHz bandwidth [2], while the dual frequency measurements
were conducted with 100 MHz bandwidth at 2.2 GHz and 5.8 GHz. These were mainly indoor measurements with the
latter being performed in a typical TV studio. Results of the dual frequency measurements are presented here in terms
of MIMO channel capacity for different antenna numbers.

MULTIBAND CHANNEL SOUNDER

The multi-band channel sounder designed and implemented for the purposes of the measurements, is based on the chirp
sounder with eight parallel receive channels at the UMTS frequency division duplex bands (1920-1980 MHz and 2110-
2170 MHz) with programmable bandwidth, waveform repetition frequency (WRF) and centre frequency [1]. For higher
frequency bands, two separate units were designed and implemented which consist of up-converters and down
converters, with either single channels or multiple channels. Fig. 1.a displays the block diagram for the single channel
converter units whose output/input can be combined to feed a single antenna at both ends of the link or separate
antennas as required. Fig. 1.b-c shows the realised transmitter and receiver with the converter units. The sounder can
also be used in a number of other configurations which can be either single frequency band measurements with eight
receive channels or four receive channels on two different frequencies as shown in Fig. 2 for the MIMO measurements
performed in a TV studio.

The receiver of the sounder employs the heterodyne detector, which mixes the received chirp signal with a delayed
replica. This results in a beat note for each multipath component, which can then be identified using spectral analysis.
The technique compresses the signal in bandwidth and not in time, and since the frequency of a chirp signal is linearly
related to time, the digitised signal can be processed for different frequencies and bandwidths by taking the relevant



section. Using the fast Fourier transform (FFT) different channel functions such as the power delay profile, the
scattering function, the Doppler spectrum, and the time variant transfer function can be obtained.

MULTIBAND SISO AND MIMO MEASUREMENTS

Field trials were performed in both indoor and outdoor environments at different frequency bands. Simultaneous SISO
measurements at three different frequencies (2.5 GHz, 3.5 GHz and 5.8 GHz) with 10 MHz bandwidth, 250 Hz WRF
and 1 s duration per location, were performed in a typical rural residential environment. Three separate transmit
antennas’ were mounted on top of a tower and three separate omni-directional dipoles were used for reception.
Simultaneous 4 by 4 MIMO measurements using the configuration of Fig. 3 were performed in a studio environment
with 100 MHz bandwidth, 250 Hz overall WRF and 1 s per run. Due to the switching at the transmitter, the effective
WRF per antenna is 50 Hz giving an unambiguous Doppler coverage of + 25 Hz. The antenna arrays employed for
these measurements were 4-clement discone antennas, which covered the two measured frequency bands of 2.2 GHz
and 5.8 GHz. The antennas were mounted around a circle with a radius of 6.5 cm resulting in 9.5 cm spacing between
antennas. The measurement environments for both sets of measurements and the discone array used at the transmitter
are shown in Fig. 2.

MEASUREMENT RESULTS

The multiple SISO measurements were processed for the computation of the power delay profiles and for the estimation
of the time variant transfer function. The 2.5 GHz and 3.5 GHz measurements were processed with 5.7 MHz
bandwidth, and the 5.8 GHz were processed with 10 MHz. An example of power delay profiles measured at the three
frequencies is shown in Fig. 4 with the corresponding number of multipath components for a 20 dB threshold. The
differences in the number of multipath components and their relative level is evident from the figure.; however, all three
frequencies show a small delay spread on the order of 2 ps. Since the 5.8 GHz band was processed with 10 MHz the
number of detected multipath components is generally higher than the other two bands.

The stationary and dynamic MIMO measurements were processed to compute the channel capacity for 2 by 2 and 4 by
4 antenna arrays. The capacity was computed from the time variant channel transfer function using the following
equation
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where the transfer function for each frequency was normalised with respect to the overall sample norm (N snapshots)

ie. HW = ﬂﬁ(f ") Here /» represents the frequency sample index and f represents the normalisation constant for
each snapshot, given by
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An example of a time variant MIMO channel for the two frequency bands is shown in Fig. 5, which displays the
scattering function. The measurements were divided into line of sight and non line of sight and Fig. 6 displays the

capacity results for the 2.2 GHz band for 30 dB signal to noise ratio. The results indicate an increase in the median
capacity of about 5-13 b/s/Hz for the 2 by 2 and 4 by 4 antenna arrays for the NLOS case over the LOS locations.

CONCLUSIONS

The architecture of a multi-band multi-channel chirp sounder was briefly presented. The sounder was used in both
multiple frequency SISO measurements and dual frequency MIMO measurements. The SISO measurements were
performed in a rural environment where WMAN are likely to be used. The data were processed with 5.7 MHz and 10
MHz bandwidth, depending on the allocated spectrum for the relevant frequency band. The number of multipath
components was subsequently computed for 20 dB threshold to determine the number of taps to be used in a tapped
delay line simulator. Generally, the delay spread in most locations was limited to within 2 ps and the number of
multipath components was between 3-4, The MIMO measurements were conducted with 100 MHz bandwidth in LOS
and NLOS locations in a studio environment with both static and dynamic channels. The channel capacity was
subsequently computed for 2 by 2 and 4 by 4 antenna combinations and the capacity of the LOS (correlated channels)
showing a significant reduction in capacity.
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ABSTRACT

The paper discusses the architecture of MIMO channel
sounders. The semi-sequential design is contrasted with
the sequential and the parallel architectures.
Measurements with an eight parallel receiver semi-
sequential sounder performed in both indoor and outdoor
environments at 2 GHz using different antenna arrays will
be presented. The parallel receiver architecture is also
shown to provide simultaneous multiple frequency
measurements in the 2-6 GHz frequency bands.

1. INTRODUCTION

Multiple antenna array technologies can significantly
enhance the performance of radio systems. MIMO
(multiple-input multiple-output) signalling techniques in
particular offer diversity/multiplexing gains to provide
considerably higher channel throughputs as compared to
conventional single antenna systems [1]. MIMO
communication has been a topic of great interest by the
international research community in the past few years.
Whilst space-time coding and signal processing are
essential to the implementation of MIMO technologies, it
is often the radio propagation channel along with the
antenna array type and geometry that proves to be the
major restriction in utilising this technology. Thus the
experimental characterisation of such propagation
channels is vital to the future development of MIMO
technologies, which are intended for ad-hoc as well as for
cellular systems.

In this paper we present an overview of MIMO channel
sounding techniques with emphasis on the high resolution
semi-sequential MIMO sounder {2] which employs parallel
RF channels at the receiver and has recently been upgraded
for multiple frequency band measurements for the 2-6 GHz
bands [3]. The architecture of the basic channel sounder
which operates in the FDD, UMTS bands is discussed and
the frequency converter units to and from 2.5 GHz, 3.5
GHz and 5.8 GHz are described. MIMO capacity results of
60 MHz bandwidth measurements at the uplink UMTS
frequency band (1.95 GHz) are presented for different
antenna arrays.  Preliminary results of simultaneous
frequency measurements at the three frequencies between
the 2.5-5.8 GHz bands are presented for semi-urban to rural
environments. These measurements were conducted with
10-MHz bandwidth and processed with 5.7 MHz or 10

MHz for OFDM applications of wireless metropolitan area
network, WMAN standards.

2. MIMO RADIO CHANNEL SOUNDING

2.1 General consideration

In general, wideband channel sounding can employ
different waveforms and techniques. These vary from the
simple narrow pulse, to pulse compression techniques,
which provide processing gain depending on the time
bandwidth product of the waveform. These sounders use
either specialised equipment or readily available
instrumentation such as a network analyser. The choice
of the particular waveform or equipment depends on the
channel sounding requirements such as indoor versus
outdoor, or single antenna measurements versus multiple
antenna measurements.

The main channel sounding requirements are determined
by the time delay resolution, which sets the transmitted
bandwidth and the maximum expected Doppler shift
which determines the waveform repetition frequency
(WRF). The bandwidth of the measurements is usually
300 MHz for indoor measurements or a few tens of MHz
for outdoor environments (60 MHz for third generation
systems). The WRF depends on the carrier frequency and
the environment, with a usual sampling distance every
A/3. At 2 GHz operating frequency and for measurements
in urban environments, the maximum expected Doppler
shift can be accommodated within 100 Hz for pedestrian
users and 250 Hz for vehicular users (maximum vehicular
speeds of 42 miles/hr). The WRF also determines the
maximurn time delay window that can be detected
without ambiguity. For indoor environments this is only
on the order of a few hundred ns while in outdoor
measurements this can extend up to 40 ps in city centres
with high-rise buildings or suburban areas with hilly
terrain [4]. Since the effective time delay window
decreases as the receiver moves away from the
transmitter, the waveform duration should contain a guard
time, which depends on the maximum range covered in
the measurements to avoid ambiguity.

Dynamic operation where the transmitter and or receiver
are capable of moving during the measurements gives
flexibility for mobile measurements in outdoor
environments and between floors for indoor
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Figure 6. Multipath structure for a 4 by 4 antenna array.

The measurements were processed to determine the
complex transfer function, which was subsequently used to
estimate MIMO channel capacity. An example of channel
capacity measurements obtained with 2 by 8 arrays where
the receiver array was either vertically polarised directional
circular patch array (VPDCPA) or vertically polarised
uniform linear dipole array (VPULDA) is shown in figure 7
for an indoor non line of sight NLOS environment. The
transmit array was a two element dipole. The transfer
function was sampled at 2000 frequencies and the
wideband capacity was computed as the average of the
narrowband capacity using the following equation

1 . pP H
Cus =—_$_ log,|det| I, +-—H.H;
N3G “ n
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where the transfer function for each frequency was

normalised with rtespect to the sample norm i.e.
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The figure shows a slight increase in capacity for the
circular patch array, which could be attributed to the
reduced correlation between the elements.

4. CONCLUSIONS

The architecture of a semi-sequential MIMO channel
sounder was presented and contrasted to the fully parallel
and fully sequential sounders. The sounder is shown to
also provide simultaneous measurements at different
frequencies due to the parallel architecture employed at the
receiver. MIMO measurements in the UMTS band were
conducted and capacity results were presented for indoor
NLOS with 60 MHz bandwidth. The results of
measurements in suburban/rural environment at three
different frequencies were also presented. The results are
relevant to OFDM WMAN. The number of multipath
components for these links was found to be between 1-8
components with 4 components being detected in more
than 80% of the locations.
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Figure 7. Capacity results for 2 by 8 arrays in indoor
environments.
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ABSTRACT

The radio channel in the 60 GHz band offers wide
bandwidths suitable for high-speed Ethernet radio
transmissions on the order of 1 Gbit/s. To characterise
the channel for such applications, a frequency up
converter coupled with a frequency multiplier were
designed and implemented to generate a 1 GHz chirp
waveform at 60 GHz. The sounder architecture with
preliminary indoor measurements are presented in the
paper with the estimated rms delay spread.

INTRODUCTION

The 60 GHz band has recently attracted a great deal of
attention due to the available wide bandwidth and the
limited propagation range, which enables frequency
reuse. This makes it particularly attractive for home
and office environment for high data rates on the order
of 1 Gbit/s such as those investigated in the WIGWAM
project (Wireless Gigabit with Advanced Multimedia)

[1].

The performance of a radio system is limited by the
ability of the receiver to reconstruct the signal that was
transmitted.  Limitations to this reconstruction are
having sufficient energy per bit of information with
respect to noise and that the signal is not too dispersed
in time.

The signal available at the receiver is due to energy
arriving via both direct and scattered routes from the
transmitter.  The effect of dispersion (frequency
selective fading) across the radio channel becomes more
significant as the channel becomes wider. To support
Gigabit Ethernet via a radio channel using low order
modulation requires channel bandwidths in the region
of 1 GHz.

For a Gigabit Ethernet radio using 4QAM (QPSK)
modulation, the channel data rate including overhead
will be approximately 700 M symbols / second. Energy
dispersed between / across symbols will provide self-
interference causing the link to fail. This can be
mitigated through the use of adaptive time delay
equalisers.  Practical equalisers are able to span
approximately 10 symbols. Thus channel echoes with
delays of up to approximately 13n sec can be
accommodated.

Without equalisation, 4QAM operation with self-
interference levels in the range of 10 dB to 15 dB below
the primary signal can be supported with forward error
correction. More spectrally efficient modulation
schemes (for example 8PSK or 16QAM) require further

reductions in self-interference to 15 dB to 25 dB below
the primary signal.

The channel soundings used here are able to investigate
the distribution of the echoes and to present this as a
power-delay profile for the path.

To provoke multi-path behaviour for short paths
moderate directivity antennae have been used. The
antennae used here were conical horns with a nominal
gain of 20 dBi. Typical links within the 60 GHz band
are using antennas with typically 40 dBi. These
therefore exhibit an angular directivity ten times greater
in both elevation and azimuth.

Whilst there are numerous techniques that can be used
to measure the channel the use of an FMCW (frequency
modulated continuous wave, also known as chirp)
signal has advantages in particular for wideband
channels. These advantages include the optimum use of
the available transmit power, the high processing gain at
the receiver, and bandwidth compression.

In this paper the architecture of the chirp sounder is
presented with indoor measurements. The spurious free
dynamic range of the power delay profiles obtained
over 1 s was on the order of 20 dB. Therefore, rms
delay spreads for a 15 dB threshold level were
estimated. These range from 0.77 ns for a single
detected component to 13.7 ns for the worst case.

CHANNEL SOUNDER ARCHITECTURE

Channel sounders in the 60 GHz band tend to mainly
use network analysers due to the ease of the generation
of the waveform and the wide bandwidth that can be
achieved [2]. A swept CW source in conjunction with a
spectrum analyser has also been used for such studies to
obtain the frequency response of the channel [3]. These
techniques generally require a long duration to
determine the channel response and hence the time
variability of the channel cannot be observed. This
limitation can be avoided by using short PRBS
sequences with high-speed analogue to digital
converters [4-5]. These however share the same
limitation with the network analyser in that they use a
cable from the transmitter to provide a reference at the
receiver.

The sounder reported here is based on the principle of
heterodyne detection where both the transmitter and
receiver have local chirp generators, each locked to its
own Rubidium reference. This enables the dynamic
operation of the sounder and bandwidth compression
for low data acquisition cards.  These advantages









observed in one location. The remainder of the
locations showed a delay spread on the order of 2.7-5.6
ns, which appears to be more representative of the
measured environment. However, further
measurements would be required in a variety of indoor
and indoor to outdoor locations to study the statistics of
the channel in the 60 GHz band.
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Figure 8. Distribution of rms delay spread for
measurements in figure 6.

CONSLUSIONS

The architecture of a 60 GHz channel sounder with a
bandwidth of 1024MHz was presented. The sounder
was shown to have a 20 dB spurious free dynamic
range, which is adequate for such applications.
Measurements every 4 ms over a | s interval in an
indoor environment were performed and rms delay
spread values were estimated in both LOS and NLOS
situations. The results show that the worst-case rms
delay spread of 13.7 ns was measured when the
antennas were turned around by 90° degrees from the
LOS scenario. However, further measurements in
different scenarios need to be measured both indoor and
outdoor to obtain full characterisation of the channel.
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