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ABSTRACT

Restricting the local oscillator to a sinusoidal current drive the
performance of four types of lattice mixers is examined by deriving closed
form equations (as compared with the usual numerical computer-aided
approach), the effects of the diode parasitics being included.

It is shown that the duality between Z and Y and between G and H mixers
is not generally valid (as has been assumed by several workers) except when
the diode is regarded as having bi-linear or exponential characteristics
and in addition the effect of the diode parasitics is neglected. It is
concluded that the H lattice mixer offers the best possibility of producing
the lowest conversion loss in practice.

The effect of the diode reactive parasitics (diode package and junction
capacitances) on the performance of lattice mixers is also examined. 1In all
the known literature, the diode capacitance parasitics are only included in
small-signal analysis and their effect on the local oscillator waveform is
ignored. It is shown, however, that the main effect of the diode capacitive
parasitics 1is to modify the local oscillator current waveform present at
each diode. It is further shown that this effect has a considerable
influence on the performance of lattice mixers.

Microstrip coupled-lines constitute a fundamental building block for
the realization of filters associated with image-rejection mixers. The
design information on such lines is normally presented in graphical form
and only for particular values of relative permittivities of the substrate.
To overcome this problem an analytical solution has been developed which
relates the physical dimensions of the lines to the odd and even-mode

impedances.



Based on the theoretical analysis presented, broadband and narrow-band
microstrip lattice mixers were realized and their performance investigated
for different terminations at the i.f. port. A good agreement was obtained
between the theoretically predicted results and those obtained in practice.

As a result of the above work, four papers have been published by the
Institution of Electrical Engineers and one by the International Journal of

Electrical Engineering Education and these are listed in Appendix X,
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CHAPTER T

Background Review of Mixer Theory and Aims

1.1 Introduction

A heterodyne technique of converting a high frequency (r.f.) signal to a
lower intermediate frequency (i.f.) to ease the problem of amplification
and frequency selection is often used in communication receivers. Such
frequency conversion is obtained by coupling a local oscillator drive

and r.f. signal into a non-linear circuit to generate (amongst others)

an 1.f. frequency. A network containing the non-linear element(s), the
means of injecting an r.f. signal, the local oscillator drive, and the
means of extracting the i.f. is called a mixer. An important consideration
in the design of a communication system receiving low-level r.f. signals

is its noise performance.

It has been shown by Friis [ij‘that the overall noise factor of a receiver
consisting of a mixer followed by an i.f. amplifier, assuming that the

local oscillator noise is suppressed, is given by,

F=1L (tN + F. - 1) 1.1

i.f.

where L is the conversion loss of the mixer, t, is the noise temperature

N
ratio of the mixer, and Fi.f. is the noise factor of the i.f. amplifier.
Equation 1.1 indicates that a low overall noise factor of a receiver is
obtained if the mixer has a low conversion loss and low noise temperature
ratio. Over the years, a considerable amount of attention has been devoted

to the design and analysis of high frequency mixers and a general review

of this work is presented here.

Frequency conversion maybe obtained by using elements which exhibit either
non-linear resistance or non-linear reactance characteristics. Edwards
EZ] has shown that devices having non-linear reactance characteristic

should be used in frequency up-conversion whilst devices having non-linear



resistance characteristics should be used in frequency down-conversion.

Consequently varactor diodes are used in parametric frequency up-
conversion of power from a lower to a higher frequency, whilst resistive
diodes, junction transistors or field effect transistors are employed

in mixers to convert power from a higher to a lower frequency.
Point-contact diodes were used extensively in high-frequency mixer
circuits before the advent of Schottky-barrier diodes. The advantages

of the Schottky-barrier diodes are that they have a nearly ideal
exponential current-voltage characteristic and a high reverse resistance,
These desirable properties of the Schottky-barrier diodes have led to a
renewed interest in mixer circuits resulting in a substantial improvement
in mixer performance. Bipolar microwave transistors are also to be found
as non-linear elements in mixer circuits, Although they offer the
possibility of conversion gain rather than conversion loss, their noise
figure is higher than that of the Schottky-barrier diode. Recently,
considerable attention has been focused on the development of GaAs FETs
and MESFETs as they appear to offer performances at least comparable with
that of the Schottky-barrier diodes. At present, however, because of
their nearly ideal properties, Schottky-barrier diodes are still widely

used as non-linear elements in mixers.

The behaviour of diodes under the influence of a local oscillator drive
and r.f. signal maybe described by non-linear equations. Although
solutions to such general equations can be attempted using analytical or
numerical techniques, it is extremely difficult to determine the general
properties of mixers using this method. The diode in a mixer is driven
however by a local signal which is much greater than the r.f. signal
and consequently, the drive across each diode is essentially that of

the local oscillator with small superimposed perturbations of the r.f.



signal., To a first approximation, it is therefore possible to analyse
the performance of mixers by treating the pumped diode as a time-varying
parameter rather than a non-linear element. Linear theory can then be
applied to the small perturbations produced by the r.f. signal.

A number of authors [é-i]'have analysed the performance of single-diode
mixers by assuming that the diode has bi-linear characteristics, i.e.
low forward resistance and high reverse resistance. As a result, the
time-varying resistance of the pumped diode is independent of the
magnitude of the local oscillator drive and has a rectangular waveform.
The theory and performance of mixers have also been developed by several
workers [é—iz] on the assumption that a diode obeys an exponential law.
Consequently the waveform of the time varying resistance of the pumped
diode is no longer independent of the local oscillator drive, and is
therefore no longer rectangular. A simpler representation of the diode
was suggested by Strum [la in his analysis of a single diode mixzer.

He proposed that the diode in its reverse characteristic has a constant
high resistance, but in its forward characteristics the relationship
between the current i and voltage v is expressed in the form i = Kv™
where K and x are constants.

The effects of diode parasitics on the performance of single and multi-
diode mixers has been considered by several authors EL,IO, 14—é§]. An
important multi-diode mixer is one where the diodes are arranged in a
lattice configuration. Ideally, only even modulation-harmonics appear
at the r.f. port and odd modulation-harmonics appear at the i.f. port
{ii]. The properties of this type of mixer driven by a sinusoidal voltage
local oscillator have been investigated by several authors Ei@a, assuming
that the diodes have bi-linear characteristics. Kulesza [éi] included

in his analysis the effect of the diodes' series resistance for a current-—



driven lattice mixer, assuming that the diodes obeyed an exponential law,

The noise performance of mixers using a resistive diode model was initially
investigated by Strutt [?é], and later by Messenger and McCoy [5]. In
both cases, the effects of the diodes' series resistance and the diode
reactance parasitics were neglected. A more general analysis of noise

in mixers which included the effect of diode series resistance and

diode junction capacitance was given by Barker [ié]. The noise performance
of a mixer in terms of a time-varying conductance and time temperature was
initially analysed by Dragone EZ?g Stracca [24 then applied these
concepts to predict the noise performance of common mixer circuits, and

his work was extended by Rustom and Howson [25] who used an improved

model of a diode. They concluded, following a computer-based analysis,
that H or G mixers with a local oscillator current drive show most

promise in relation to low-noise performance of a communication system,



1.2 Mixer Terminology

1.2,1 Frequency Nomenclature

A distortion-free mixer generates modulation products which are in the
form w, = nwp + W where wy and mq are the pump and signal
frequencies, respectively, and n 1is an integer having values n = 1,
2, 3,.... The frequency, w ,» corresponding to n =1 has a form,

mp + mq or wp = g To distinguish between the two cases, if the
frequency is wy + Wy then the process is called non-inverting
conversion, but if it 1is w, ~u then the process is called inverting
conversion., A modulator can be used to translate frequencies either
up or down the frequency spectrum. If the output frequency is higher
than the signal frequency then the modulator is called an up-converter
while 1f it is less, the modulator is called a mixer. Due to its
position in the frequency spectrum an important frequency component in

a mixer corresponds to n equal to two and is called an image frequency.

The frequency notation used for a down converter mixer is shown in Figure 1.1.

1.2.2 Diode Configurations of Mixers

The single—ended mixer uses one diode situated in the mount of a waveguide-
coaxial transformer. The local oscillator drive and the r.f. signal

are coupled into a waveguide section, while the i.f. frequency is extracted
via co-axial outlet. This type of mixer i1s very simple in construction

but suffers from the disadvantage of poor frequency selection as it maybe
difficult to reject the local oscillator and signal frequencies at the

i.f. port due to the level differences involved.

In a single-balanced mixer, the local oscillator switching action is such
that the unfiltered output does not contain even modulation products of

the local oscillator, or the local oscillator frequency. This suppression



of the even modulation products is obtained by using two diodes and a
balancing transformer. At high frequencies the balancing transformer
is replaced by a magic T for a waveguide structure or a hybrid ring

in microwave integrated circuit technology. An advantage of a single
balanced mixer is that the noise produced by the local oscillator is
minimised if two matched diodes are used.

For a double-balanced or a lattice mixer, the local oscillator drive
acts on a lattice network of diodes so as to alternately reverse the
path of the carrier. The unfiltered output theoretically does

not contain even modulation products, local oscillator or signal
frequencies. A further advantage is that owing to the symmetry of the
circuit, only even-order modulation products are present at the input
port, and only odd-order modulation products are present at the output
port. The separation of the even and odd products aids the filtering
process of the mixer. Formerly lattice mixers were only used at low
frequencies, as it was difficult at r.f. frequencies to select a matched
quad of diodes. However, with recent technology, a single package of
four matched Schottky barrier diodes is available and, as a consequence
it is possible to obtain low noise figures for lattice mixers. The
diode mixer circuits for the three basic configurations just discussed
are shown in figure 1.2,

1.2.3 Mixer Classification

The mixer, as far as the small signals are concerned may be physically
represented as a linear time-varying two-port network. Functionally,
however, because selective terminations are normally employed, the mixer
behaves as a three-port network having separate ports for the signal,
intermediate and image frequencies. It is possible in practice to offer

different terminations at the image port which considerably affects the



performance of a mixer.

Three types of image terminations are normally considered, leading to

three basic types of mixers.

1. If the termination at the image port of the mixer is the same as
that at the r.f. signal port, but all other frequency products are
filtered out, then it is called a broadband mixer [ii]. This circuit
theoretically has a minimum conversion loss of 3 db.

2. A narrow-band image open—circuit mixer has a termination which
presents an open—-circuit at the image port. For this circuit the
theoretical minimum conversion loss is zero db.

3. A narrow-band image short—circuit mixer has a termination which
presents a short circuit at the image port. For this type of mixer
the minimum theoretical conversion loss is again zero db.

Three other types of mixzer have also attracted attention.

In the Harmonic Mixer, the desired output frequency is nwp - wq, where

n is usually two E(ﬂ .

In the Image Recovery Mixex, the power at image frequency is converted

to intermediate frequency. The—conversion is obtained by reflecting the
image frequency by a filter back into the mixer, and mixing again with

the local oscillator frequency producing the required intermediate

frequency [26] .

Finally, in the Image Cancelling Mixer, two non-linear elements or mixers
are arranged so that the image power generated in one is converted to

intermediate frequency in the other, and vice-versa [27] .

Balanced mixers have also been classified according to the terminations
offered to the undesired out-of-band frequencies lié]. Different
configurations of frequency-selective terminations of the input and

output ports to the out-of-band modulaticn frequencies lead to four types






1.,2.4 Mixer Performance Criteria

The desirable mixer performance is low conversion power loss, noise figure
and distortion.,

The conversion power loss (c.p.l.) 1s a measure of the losses that occur
in the process of frequency conversion in a mixer. It is defined as the
ratio of the ayailable power at r.f. frequency to the output power at
intermediate frequency.

Available Input Power at Radio Frequency
10 Qutput Power at Intermediate Frequency

c.p.l. 10 log 1.2

10 logloL

The available power conversion defined by Friis [i] is also sometimes

used to describe the performance of a mixer and is defined as

c.p.1 =10 1o Available Power at the r.f. Frequency 1.3
“Pe ‘opt €10 ~ Available Power at 1i.f. Frequency :
To distinguish between the conversion loss for different types of mixers

the following nomenclature [?] is generally adopted;

LO mixer is matched to the L.0. and has the same terminations at signal

and image frequencies,

L1 = mixer is matched to the signal but the image sees a short-circuit.
L2 = mixer is matched to the signal and the image frequencies.
L3 - mixer is matched to the signal but the image sees an open-circuit.

The sensitivity of a receiver determines the smallest signal which can be

detected and is governed by the noise figure of the receiver., I1f a receiver

is considered as consisting of two, two-port networks connected in tandem,

corresponding to the mixer and i.f. amplifier, then the overall noise

figure is given by,
F. -1
_ i.f.
F-Fm+l_—E—_| 1.4
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Equations 1.7, and 1.8 are derived on the assumption that parasitic
effects of the diode are ignored, and indicate that there is a linear
relationship between the two mixer parameters F and L. It is found
that whereas conversion loss reaches a broad minimum and then starts
to increase with increasing local oscillator drive, the noise figure
continues to decrease with increasing local oscillator drive. There
is therefore an optimum local oscillator level which minimises both
the conversion loss and the noise figure of the mixer. However, as
the noise figure for modern mixers is significantly lower than that
of the i.f. amplifier, the minimum receiver noise figure occurs

when the conversion loss is a minimum,

Dragomne EZQ has developed a new method for determining the noise

performance of a resistive mixer which does not involve a detailed
analysis of shot or thermal noise sources. His method describes the
terminal noise performance of a diode in terms of time-varying conductance
g(t) and time.varying temperature T(t) . He showed that the

noise of the terminals of a single diode is equal to that of two diodes
connected in parallel, having time independent temperatures T1 and T2

and time-varying conductances gl(t) and gz(t) where

g(t)

and G(t) T (t)

gl(t) + gz(t) 1.9

g, (t) T, + g,(t) T, 1.10

The temperatures T1 and T2 are the minimum and maximum values of T (t)
so that,

T1 T (t) ¢ T

2
Stracca [éé], using this method, analysed the noise performance of common

mixer circuits but neglected the effects of diode reactive parasitics.
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1.3 Non-Linear Elements used in Mixer Circuits

A linear element is defined as one whose value (resistance, capacitance
or inductance) remains constant when the input level of the signal is
applied. A non-linear element, however, has a characteristic I = f(V),
Q = £f(V) or ¢ = £(I), which normally is a single-valued function for

the three cases respectively. As a consequence of such a non-linear
characteristic, the resulting response will contain frequency components
which will notvbe present in the applied stimulus. It is this harmonic
generation property of non-linear elements which is exploited in mixers

and parametric converters.

A non-linear element commonly used in mixers is a diode whose equivalent
circuit at high frequencies is shown in Figure 1.4 where,

LL is the lead inductance
L. i1is the inductance of the whisker contact
r., 1s the series resistance

]
C, is the package capacitance

G. 1s the junction conductance

[

C. is the barrier capacitance

G

The‘relationship between the diode junction voltage v; and the current i
through the diode is,

i=1I (*j-1) 1.11
where Is is the saturation current whose value depends on the diode
material and production process and a(= q/nkT) is a diode constant.

The junction conductance of a diode is given by,

. = di = i 1.12
GJ dl/va a(i + Is)



A diode is normally driven by periodically-varying local oscillator
and hence Gj is also a periodically-~varying function of time. The diode
barrier capacitance (Cj) is also a function of diode junction voltage,

l1.e.

C. (o)
c. = ] 1.13

j E— V’Vﬁn

where Cj(o) is the barrier capacitance at zero junction voltage and

VD is the diffusion potential. For a periodic local oscillator drive
the barrier capacitance, just like the junction resistance, is a

periodic function of time.

Point~-contact diodes which are made by having a wire whisker pressed
against a semiconductor surface (usually p+ epitaxial silicon) have
been historically used for detection of high-frequency signals. The
series resistance of a point contact diode arises from the restriction

of current flow caused by the small contact area of the wire, 1i.e.

r, = p/2a

]

where 'a' is the radius of the contact and p is the resistivity of the

semiconductor.

A considerable improvement in the mixer performance was obtained with

the development of the Schottky-barrier diode. These diodes are
fabricated by depositing a metal on a semiconductor surface by a process
of evaporation, sputtering or electromechanical methods. Schottky-barrier
diodes have a V-I characteristic which is nearly exponential. They

also have a lower saturation current, series resistance and barrier
capacitance than contact diodes. Backward diodes also used in mixer
circuits are a special kind of tunnel diode where the tunmnelling process
is considerably reduced. The V-I characteristics for the three types of

diodes are shown in Figure 1.5. MESFET's and GaAsFET's are also used
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as non-linear elements in mixers up to frequencies of 10 GHz

The high frequency operation of the GaAsFET is obtained by replacing
the diffusion process of a pn junction by a Schottky-barrier contact
which has a very-short-time storage. The noise performance of mixers
using FETs is  competitive with all but the best diode mixers and
they are linear up to higher input signal power levels than the diode
mixers. The reason for this greater linearity is the square-law
relationship between drain current and gate-source voltage over a wide
range of the latter., Since f.e.t. s also produce conversion gain rather
than conversion loss, the performance of the i.f. amplifier becomes
less important. The greatest problem with f.e.t. mixers is, however,

one of stability.

1.4 General Mixer Theory

The theory of mixers has been developed on the assumption that the local
oscillator drive is much larger than the signal components present.
Consequent1y5the non-linearity of the mixer is only affected by the
local oscillator drive. However, signals present in the mixer are at

a much lower level and the interaction between them is linear to a high

'n'-port

degree. A mixer, therefore, may be represented as a linear
network with separate conceptual ports at the signal and all modulation
products. In practice selective networks are used so that the n-ports

of the mixer are reduced to three, corresponding to signal, i.f. and

image frequencies.

1.4.1 Representation of a Mixer by a Linear Network

For a non-linear device the current-voltage characteristic is given by,

I = £(V) 1.14
If the applied voltage consists of a local oscillator drive VLO(t) and
an r.f. signal Vq(t), then,

V= VLO(t) + Vq(t) 1.15
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The effect of the diode series resistance and capacitance on the conversion
loss and noise figure for a single-diode mixer was investigated by Barker
[id]. He showed that the effect of the diode series resistance is to
increase the conversion loss for very high local oscillator drive, and

that the only way of reducing this effect is to use reverse d.c. bias.

In the case of a multi-diode lattice mixer the optimum time-varying
waveform is a rectangular one where the pulse duty ratio t/T is a half
[iZ, 13, 22]. For such a mixer the local oscillator drive 'sees'
effectively two pairs of diodes back to back and consequently they act
as an amplitude limiter, so that a square-waveform is the only one of

any practical significance.

The coefficients of the matrix equation describing a lattice mixer have
been determined by several authors Ei-a on the assumption that the diode
has bi-linear characteristics. Saleh [ii] has also analysed a lattice
mixer where he assumed that the diode obeyed an exponential law but
neglected the effect of the diode series resistance. Kulesza [éi] has
determined the performance of a current-driven lattice mixer with image
open—circuit and included the effect ofvthe diode series resistance in
his analysis. A computer—assisted analysis of the response coefficients
of a lattice mixer has been obtained by Maiuzzo and Cameron [}é] assuming
a correlation between the diode series resistance and the diode parameter
a. The performance of a K-band integrated lattice mixer has been
investigated by Ogwa, Aikawa and Morita_[EiI where it is assumed that

the diode obeys an exponential law but the effect of diode series resistance

has been neglected.
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1.5 Conclusions

The analysis of mixers consists of two parts: the large~signal analysis
and the small-signal analysis. The former analysis is concerned with
the behaviour of the diode when pumped by the lecal oscillator, while

the small-signal analysis treats the mixer as a linear two-port

network and is largely concerned with the effect of the image
termination on the r.f. and i.f. impedances necessary to produce minimum

conversion loss.

Early workens[g-g] assumed that the diode pumped by a local oscillator
could be considered as having two states, high and low resistance.

Later Torry and Whittmer [é:lanalysed the behaviour of a mixer by assuming
that the diode has an ideal exponential characteristic but neglected

the effects of the diode parasitics, such as the series resistance and

the capacitance. Strum [ii] described the behaviour of a diode by a

power law, given I = Kﬁszhere K and x are constants for a particular
diode. Kulesza Zi] analysed the behaviour of a narrow-band image—-open

circuit lattice mixer pumped by a local oscillator sinusoidal current,

and included the effect of the diode series resistance.

The general small signal analysis of resistive mixers and their classification
Z, Y, H and G was presented by Saleh [EZ]. This classification depends

on the type of frequency—selective networks used at the r.f. and i.f.

ports of the mixer and hence the type of matrix which has to be used to
determine its performance. The image-frequency terminations affect the

mixer's r.f. and i.f. terminations necessary to produce minimum conversion
lods. The i.f. impedance is the output impedance of the mixer and is

particularly important as it influences the design of the i1.f. amplifier

input circuits, and hence the receiver noise figure that can be obtained.
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1.6 Aims of the Prqiect

The principal aims of this project are to investigate analytically the
effect of the local oscillator drive, image impedance and diode parasitics
on the performance of Z, Y, G and H lattice mixers working at high
frequencies, and where a practical model of a diode is used. For each of
the above four types of mixers (Z, Y, G and H) four distinct cases are to
be considered; two narrow-band mixers and two broadband mixers one with

matched and the other with mismatched conditions at the r.f. port.

In the large signal analysis of the lattice mixer it is important to use

a model of the diode which is sufficiently accurate to represent a true
practical mixer, without however being so complex that the mathematics
becomes unmanageable. Various numerical methods are therefore normally

used in order to determine the Fourier coefficients of the pumped diodes.

In this project, however, by restricting the local oscillator to a current
drive, it is proposed to obtain an analytical solution, where’ the effect

of the diode's parasitics such as the diode series resistance and capacitance

are included.
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