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y ABSTRACT
]
This thesis describes the design and performance of a single .
balanced mixe; realized in quasi-planar technology. Two beam lead '
£ GaAs Schottky barrier diodes, microstrip and fin line make the mixer

a

circuit in planar form.

In the mixer, a 17 GHz signal is dqwnconvgrted to 900 MHz
intermediate frequemcy with 1 GHz bandwidth, pumped by dBm of
local oscillatof power at 16.1 GHz.-.It has a cpnversioigloss of
typicaily 4 dB) reaching a minimum of 3}7-&B, and a 6.6 dB noise
fiéure at the centér frequency. |

The mixer is realized on 0.03 in. thick RT/duroid 5880 sub— -~
strate (ar = 2,22) which is suspended in the E—planelbf ;.sﬁlit—housing
with inner dimensions of'ﬁR (62)vwavegﬁide. Both signal and LO ports
contain exponential fin line tapers.for broadband traisitionfto WR (62).
A fin line-microstrip 180° hybrid ass;res f;equency—independent in-
phase signai excitation and ocut-of-phase LO excitation of the mixer

diodes. The module also contains two,microstrip filters: a band pass

filter for the LO frequency and a low pass filter for the intermediate

~

frequency. The diodes can be matched to the signal input using tunable

microstrip stubs.
The purpose of this experimental design was to build a component
.which can be realized at low cost and in large quantities without loss

of performance as compared with more conventional design.

- v -
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/ GENE&AL INTRODUFTION
.

Microwave and mm-wave‘feceivers, in common use in communicationf
radar and even radiometric receivers, ;re invariably of the suberhetero-
dyne type. A mixer is an essential part in such a receiver. The func-
tion of a mixer is to_pick up the signal with qsvlittleﬁggise and inter-

ference as possible and convert It .into a signal at a lower frequency -

R »
(intermediate frequency) which can be subjected to a conversion from

RF to baseband.
<

- ‘l - ] . l L 0
This thesis.is directed toward realizing a 17 GHz single balapced 5,

mixer by using planar technology. Beam lead device technology and planar
. I
transmission media are bases for our mixer integration. The mixer has

been designed to convert a signal at 17 GHz down to an intermediate fre-
quency of 900 MHi with a bandwidth of +500 MHz. It requires 13 dBm of

local oscillator power at 16.1 GHz. Equipped with two GaAs Schottky

barrier beam lead diodes, 4 dB conversion loss and 6.6 dB moise figure‘kl “

’

“are obtained by measurements,
In Chapter 1, mixer principles are summarized. Following these

we shall discuss mixer desigﬁ. The chapter ends with an operation theory

and summarizes the advantages of a single balanced mixer using a 180°

hybrid. . . .

.Chapter 2 deals with technologies suitable for making a planar

mixer. -Beam lead GaAs Schottky barrier diodes, fin line and microstrip

~

line providing not only simple and cost effective design but also very

© =i -
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good performance, are briefly disclissed. Mixer diode seleafion criteria
fb? low ﬁoise and conversion loss designs and basic E-field cbnfigurqtions
of the twb planar tra;;ETEE!Q? media are also presented.

Chapter 3 preéeﬁts 3esign and realization details of the mixer.
fhe design starts with a low frequency equivalent circuit for 'the overall
configuration. Design information on components forming the unilateral °
and antipodal fin line transitionms, microstr%p filters, and planar 180°
hybrid are explainedL The computer generateq‘circuit'layout is also
presented:.

Chapter 4 reports measurement -methods and results of the mixer

performance realized in the technologies provided in Chapter 2. Two

filter responses sebarating the IF and LO signals are brieflyaqiséussed.

All measurged mixer performances including transfer charaétenﬂstic are

el il .
o

displayed. _ .
Chapter 5 concludes this thesis with brief comments about the
mixer features and with suggestions and trends for mixer design and

applications. o

Finally, the appendix contains a fin line synthesis formula

" developed at the University of Ottawa for converience.

L'

- L . 2
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CHAPTER 1

MIXER PRINCIPLES & C

Lol ) '
i
This chapter describes the physical mechanism of the mixing
F process and presents analytical expressions useful in mixer design.
Y .

It also defines the most important concepts and parameters used to

describe mixer performance,



1.1 Introduction ' ,

~ *

All microwave and mm—wave front-ends of the heterodyne type
use some form or variation of nonlinear operation upon the desired
input signal to produce a lower frequency output, which is ultimately *

demodulated further along the receiver chain, It is possible to use °

transistors (FET's) or diodes as the nonlinear element, depending

upon application, but we shall restrict this thesis to quasi-planar P

single balanced pixers with two GaAs Schottky barrier diodes.

¢ . . ' . ( -
In this chapter we shall discuss the basic concepts related!

s .

-

to a mixer in the receiver front—end.

1.2 ~ Frequency Conversion

Mixing may be broédly defined as the conversion of a low power

.

.signal (RF) from one frequency to anéther by combining it withra local
'oséiliathr (high power) signal in a device which has a nonlinear i(v)

. transfer function. The nonlinear device 'is essential to the mixing
_process. By the prinéiple of superposition, the addition of two fre- '
quencies in a "linear" device never reaalts in additional (beat) fre-
quenéies: only the two original frequencies will exist in the Fourier
spectrum of the résulting signal. If, however, the device is nonlinéar,
it will generate the sum and difference frequencies of the.apilied

1

. signals. These newly created frequencies will, in turn, beat with
: . L

each other and with the originall} applied signals, to create still

more frequencies, and so on ad infinitum. - The spectrum of the output

voltage from such a nonlinear device may, therefore, be exceedingly



: v
complex.
. 'S

v

The usual requirement for a mixer is that it convert.energy
‘at an RF signal frequency to a lower intermediate frequency. (See

Figure 1-1(a)). 1In practice the incoming signal, mixing.with the

-

local oscillator and its harmonics, generates a whole spectrum of

mixing products. (See Figure 1-1(b)).

The input—output relationship of any general nonlinear element

i

can be expressed by a Maclaurin series - v
h .
Fodt “nZo %Bin (1.1)
where Bout‘is the output quantity and Bin is the input quantity.

Most devices used as mixing elements in frequeﬁcy converters .
do not have exact square-law characteristics, i.e. their trangfer
function contains higher than gecond ;rder terms.. Nevertheless, +
for the sake of analysis we will assume thrggahout Chapter 1 that
mixer diodes have:an_idéél square-law characteristic. ‘

When a voltage is applied across a nonlinear resistance, the |

current through the nonlinear resistance, can then be expressed as

a Maclaurin series of. voltage

i=% kv
n=0 % - (1.2)

The voltage is the sum of the local oscillator and signal voltages,

VLO-and Vs. If Vs= Ascoswst and VLO= ALocoswL t

0 ? . r
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| RF signal Nonlinear . .
-— Desired IF signal
. ——
'ms device ”
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Figure 1-1(a). Block diagram of a mixer.
A
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o -~
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o
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. - i -~
i - P . 2 P oo
0 ! s ) H : ) HIR H
IF L0 ' 2o l Frequency - - - -
- - Signal | Sum

(input)

" Image

Figure 1-1(b). Spectrum diagram showing the lower order mixing products
in a mixer. '
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then =
V= V_+ V= Acosut + A qcosuy ot (1.3)--

where AS --- amplitude of signal voltage

- ALO ~— amplitude of local osciilatqr voltage
w_——= signal frequency
W g 74 locai oscillator frequency

Substituting (1.3) into (1.2), (l.4) yields

. © ‘ saT1 .
- i= nglKn(Ascogmst + ALocosmLOt) . ) (}.4)
.where the DC term is neglected. Eqn.{(l.4) is an expression combining the
various currents flowing at the different frequencies in the nonlinear

element. The amplitudes of all the harmonics are pfoportional to their

" ‘coefficients of the polynomial. From (l.4) the general frequency con— '

tent of the mixing product can be characterized by

where n,m 2 1
While the higher order terms contribute intermodulation and cross
- modulation terms, i.e., second and higher order terms generate higher

order harmonics, mixer analysis uses the principle that the second

order term is responsible for generation of the desired comverted
. . ‘ ' .



. .
'

output. Thus the fundamental mixing products wg + wg are represeﬁted

~

by the second term

K (a2 (1 + cosZth)+.2ABA1:0(cos(ms"‘ w )t + coslu + w )t)

+>A£6(1 + cosZ@Lot)]/z | | (1.5)

IF FREQUENCY

]

. where Wy -wLp

ms>+mL0 = SUﬂ FREQUENCY - :

In practice the third and highef order terms are usually heglected
because the amplitudes of those harmonics are sﬁaly. However, the
mixing product of the second LO harmonic and the RF signal should

be considered. The two products of this mixing process are given by

t -b 2 t_a'[;‘ (2 It + (2 + w)
a cosw_t - cos2uy t = 2[cos Wg T g t + cos W towg t]
(1.6)

The two frequencies produced are wp = szO - wg (the "image frequency")

énd szO +owg. See Figure 1-2.
Thus only a fraction of the incoming energy is transferred

to the IF. It follows that, if the generation of these unwanted 'mixing

prodﬁcts can be prevented, a larger fréction of the incoming energy may {

be converted to the IF., This can be achieved by designing the mixer

circuitry such that it p;esents reactive terminations at the frequencies

of these unwanted products. If the circuitry is correctly designed, -

more energy is transferred to the IF and thus conversion loss 4is



v L
-
A
N
o “Lo
=1
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-
—
o
4. . :
Input
/ szO\ e
¢ w1 W
szO + ms
0 v ) Frequency
] =S
F— | b, —
Figure 1-2. Spectrum diagram sﬁowing the two ﬁixing products generated

by the signal input and the LO second harmonic.



reduced [1].

~

If the mixer>in question presents ﬁ matched terminatiop at
all frequenci;s considered, and if the diode has a cut-off frequency
well above’;his‘frequency range; ié is reasonable to assume that iden-
tical amounts of energy are transferred at the sum frequency and ﬁhe

IF. Thﬁ&\_if energy at the sum frequency can be fully recovered and

converted to IF, the conversion loss is reduced by 3 dB.

1.3 Conversion Loss

The frequency conversion process in a mixer is accompanied by
power loss and the generation of excess noise. The noise problem
will be explained in the next section.

The conversion loss Lc of a mixer is defined as follow [1]:

L = Ps _ power available from signal source

PIF power delivered to IF load

It is one of the most important parameters since it measures the effi-

ciency with which a mixer converts RF energy to IF energy.
ot
T

‘Theoretically, the conversion loss in a balanced mixer is not

smafler.than in a single-ended mixer. Balanced and single-ended mixers

.

have identical conversion loss if each“diode in the balanced mixer has
an impedance equal to that in the single-ended mixer., Therefore, the
following analysis concerns single-ended mixers, but the results are

directly applicable to ‘the balanced configuration as well. <
{ -

The conversion loss in misrowave and mm-wave mixers is ‘influenced

- - * L3 " - »
_ by many factors. But if a suitable diode is selected, its optimum
T

¢



. o . b -
conversion loss in general is degraded and can be represented
approximately by the product of the three types of losses as follows:

L1 diode parasitic loss due to its junction capacitance
. and spreading resistance

L, ' mismatch loss due to impedance mismatch at RF and IF ports

L intrinsic ;junction loss of the ideal diode.
L =1 « L s 1 ’ (1.7)

The first type of conversion loss L,, is the loss associated

1?
with the parasitiq elements of the diode, the junction capacitance,
and spreading resistance. Defined as the ratio of the signal power
(RF) to the power delivered to the average barrier resistance (the
power which is converted) of the diode at éhe.signal frequency [2],
with reference to theequivalent circuit of Figure 1-3 [3], it can be '
seen that at an signal angular frequency wo-

. : RS + RB/[\l + (mScBRB)“]

(1.8)

. 1 2
: Ry/[1 +~w_C R )]
Thus, when simplified, the diode parasitic conversion loss Ll is
given by : .
- 8 2A2
L1 =1+ — .+ mSCBRSRB . (1.9)

%8

where Ry is the barrier (junmction) resistance, w, is the signal

angular frequency, CB is ‘the barrier capacitance, and Rs is the

/

(4]
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. a) Parallel equivalent circuit

b) Series equivalent circuit

/

Rg X2

Figure 1-3. Simple equivalent circuits for Schottky-barrier diode.



series (spreading) resistdnce. The spreading Eesistance RB is the
resistance resulting from constriction of current flow in the semi-

conductor near the contact.

If the nonlinear rectifying element is répresented b);QRB oﬁly,,

"the conversion loss decreases and approaches a value of 3 dB (image

»

" matched) as the LO power (and therefore the rectified diode current)

-is increased. However, the effect of C

n the conversion, loss is

o
B
most pronounced at low values of LO drive; as this is dfcreased, the

value of RB intreases, more current is shunted by CB’ a therefqge

the conversion loss increases. The effect of Rs on conversjon loss,

however, is most pronounced at high levels of LO drive; as the LO

drive is incréased, the value of Ry is decreased, and more power “is
5 .

B

dissipated in Rs, and again the conversion loss incredses. Obviously

‘ there is an optimum drive condition for maximum voltage across Ry and

maximum power at RB’ and minimum conversion loss will ocdur when Ry

-

7o . ) .
is equal to , Oor w ‘
wsCB
L .
'Ll(min) =1 f}?wsRsCB #) (1.10)

&

. ’
Further increase in the drive results in increased L1 due to dissi-

pation in Rs’ while decreasing drive also increases insertion loss
due to the shunting effect of the junction capacitance.
The second type of loss, the mismatch loss LZ’ depends on. the

degree of the impedance match at the RF and the IF ports. The mixer

diode is often matched to the LO power  in a fixed or tunable mount.

[N
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But this LO port. match is mnot critical. However, since only the RF
signal power is converted to the intermediate frequency, it is more

important to match the diode at the signal frequency and at the IF
output frequency. - The IF impedance ZIF appears at the mixer output
terminals when the diode is biased by a local oscillator., This im-

~

pedance is a function of the LO driving power level, the diode pro-

perties, and the circuit parampters.

When the match is different from optimum match at the RF and
the IF ports, the -available RF signal power level at the diode and
the IF power level are reduced. At the RF port, the mismatch loss

-

L2 (RF} can therefore be expressed by the following ratio:

: L, (RF) = ——
S sR

(1.11)

s
.

where Ps is the input signal powér and PsR is the reflected signal
power due to mismatch. The mismatch loss L2 (RF) becomes

2 e ————— e =

1 (1 + pg)?
L, (RF) = —_—
1-r|?

‘ : (1.12)
bog

where Py is the VSWR at RF port. As at the RF port, the mismatch
‘loss L, (IF) at the IF port is

(1 + p )2
L, (IF) = IE

o (1.13)
bo1p
%\

where Prp is the VSWR at the IF port.

The - total mismatch loss L2 of
"a mixer is given by : '

12
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- (1+p)% (A+0p.)2
L, =L, (RF) « L, (IF) = . , (1.14)
' 4p 4p '

] IF

he third type of loss is the intrinsic juhction ldss of a
mixer diode.. It depends mainly on the term;nating conditions at the
image frequency and the form of the diode itv) characteristic, It
can be‘shOWn thafglL3min approaches a limiting valie of 3 dB under
broadband condition. fhis means that one half of the RF power goes
to the IF port and the remgining power is dissipated in the resistance
(loss) at the image frequency. Therefore, it is possible to provide
the image frequency with a reactive (lossless) termination such that
the image frequency power recombines with the LO power at the diode
in such a way as to reduce the overall éonversio# loss. Theoretically ,
a minimum conversion loss of 0 dB is obtainable for open or short-
circuited image. A mixer of this type is called an image-enhanced
mixer.

A resistive diode, i.e., a diode in which energy storage effects

are minimal, is typically characterized by .
i=1__ (V-1 (1.15)

sat '

The small signal conductance for this diode is given by
g =——=0al e  =afi+ Is ) = ai (1.16)

where 1 >> I .
sat

dars

T . - . R Coe TETE L e e e e e S e L
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In the above equation Isa is the diode saturation current and

t

. -1 _
a = q/KT = 40 Volt. =  at room temperature.

“
]

In practice, g(t) is obtained by pumping the diode wi..th the
L]

local oscillator, and usually, VLO is much greater than Vs.' Then the

signal at w, sees the diode approximately as a linear, periodically
. + ‘ . .
time~varying resistance [4] although nonlinear distortion always exists

L)
to some extent.

The voltage across the diode imposed by the local oscillator is
-

)

Vg = Vg cosu gt ‘ (1.17)
\
The current through'the diode can contain any harmonic of
W e Eqn.(1.15) gives

id - Isat[ea('vLO cosmLOt) - 13 ] . (1.18)

. .
-

The pumping véltage across the diode is a sinusoidal signal while id
can contain all harmonics since the imbedding network short-circuits

all the LO harmonics. Expanding (1.18) in a Fourier series yields

1 21 A cosX
— fTe

) cos (nX)dx =I n(A) (1.19)
2T

where In‘“is the modified Bessel function of the first kind of order

n. Eqn.(1.18) then becomes ) d | /

. o ‘ _—
1= I .. ([O(aVLO) + ZII(W;.O) cosw; ot + ZIZ(aVLO) cosZmLot + ——-1

_ ‘ Ty
Isat ) . (1.'20)
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1 s Lo» Ty for w

I

j - . ’
Figure 1-4. An exponential diode pumped by a sinusoidal LO voltage g(t).
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If the reverse saturation'cutrégp_iswnegiepted, it follows that
. l L]
“VLO
"Ip(av ) at e (1.21)°
2naV LO
A
if GV,LO >> 1 or 2 20 [5]
'
The amplitude of the LO component of the diode current‘is
Lo = 2Ly |y @Vpg) = 2L, if aVpy >> 1 or 2 20 (1.22)
The small signal time-varying conductance waveform can be calculated
from (1.16), (1.18) and (1.20) to be o
() = aVyg cosWrot _ ' '
g(t) «l e = gy + 2g1 cosw ot +
2g2 cosmLOt_+ -------- (1.23)'

where ' | . K
L o
= v
?0 OlIsate Ib(a LO)
= u ) - !
1 uIsate IA(QVLO) _ )
[
" ¢
g, = aIsate Ib(aVLO) etc.
Different values of 6ptimum conversion loss L3 are found,
depending on whether the lmage frequency wlmage = ZmLO -w, 1s shortf

or cpen—circuit., Thus, the optimum conversion loss L3 with an

open—circuit at the image frequency [4] is
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L]
'Lgpt 1+ Y1 -¢' = 1+ 2 , if uvL0>> 1 - (1.24)
1 -v1 -¢' N av
' N LO 4\
where |
- 6
e [L=8)
1-¢e\l+8)
and ' '
2 2
N Iy ' e
g = 2 | e——] 5 1 - + 0
, 3
g Io(“vLo) 29, (av, >
g, LoV ) 2 i
a = ——2— = _._._.L_O. =4 1 - + if G-VLO b 1
2
g IO (v, ) v 5 (aV )

The above approximate results are taken from the works of Saleh and

Barber [4] [6], and the optimum cpnversion loss L3 can be represented

' by_Figure 1-5.

The third type of conversion loss in the mixer is
Lye= 1 +VZ/ eV ~ (dB) (1.25)

Therefane the overall co%yersion loss'is the sum of the above
mentioned three types of the conversion lesses as shown in (1.7).
For specific diodes, L1 is fixed and cannot pe improved. Consequently,
circuit optimization should be concentratdéd on the reduction of mis-—
match loss (LZ) and intrinsic junction loss (L3). But if a perfect

‘matched condit}on is realized, (1.7) becomes

L, = L3(l + ZmSRSCB) . {1.26)




loss(dB)

imum conversion
2

Ont
1
N\

-

Increasing Vie
-—

LT

Figure 1-5. The optimum conversion loss for a single exponential
diode with open-circuit termination at image frequency [4].
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Thus at any frequency at which the barrier capacitance is significant,
the product of the- parasitics (spreading resistance and barrier capa-
citance) must be minimized for the optimum conversion loss. The con-

version loss can be agprbximated by
- L oc CyR. o, . (1.27)

It should be ngted that this is consistent with the cut—off frequency

expression of the mixer diode in Chapter 2.

1.4 Mixer Noise Figure 4

If there were no noise present in the receiver, it would be
bosg}ble to detect any signal, no matter how small, by providing the
receiver with sufficient amplification. This cannot be achieved in‘
practice since noise is always present, and unlimited a@plification
‘of weak signals amplifiés noise as well.

The use of Schottky barrier diodes for microwave and mm-wave
mixers is limited by several types of noises in the diodes, since
it is the diode noise characteristic which limits the sensitiviﬁy of
the mixer receiver. So, the noise figure of a mixer is an importént
mixer parameter. If the mixer is located right éfter the receiving

antenna the overall receiver noise figure depends mainly on -the mixer

noise figure. Therefore to obtain low noise figure in a receiver,

the noise figure of the mixer should be reduced as much as possible,

¢

especially in the mm-wave range' where no cost—effective low noise

amplifiers for.receiver front-end exist. Since reduced noise level

-

H —
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at the front-end allows legs transmitter power and receiving antenna - -

gain, there is a high economic return for better receiver noise figure.
Noise at the receiver output is the sum of the noise arising

from the input source, noise generated within the mixer diode, and

noise from the following IF amplifier. The noise figure F, is defined as

8, /N.
Fo'= =% | (1.28)
SO/NO

~

where Si = available receiver (mixer + IF amplifier)
input signal power :

S, = available receiver (mixer + IF amplifier)
output signal power

N, = available receiver (mixer + IF amplifier)
input noise power

N, = available receiver (mixer + IF amplifier)
output noise power

Any practical mixing device will not only attenuate the input
noise, but also introduce some additional noise. Ne represents this
additional noise at the output, and is referred to as the excess noise.
Thus,

=N./L +N .
No 1/ c e (1 2?)

where Lc is the conyersion loss of the mixer.

Thus (1.28) may be rewritten

s, /N,
Fo =571 - (1.30)
1 C

N./L +N
i'"e e




This simplifies to

(output noise from

21

input) + (excess noise)

N./L_ +N
F = i’ e e
Q Ni/Lc
N
__0
Ni/Lc

(output

noise from input)

o (1.31)

Fo in (1.31) is dependent upon the input noise level Ni' The input

noise is usually defined for the purpose of noise figure measurement

by

N. = kT B
1 0

where k is Boltzmann's constant, B is the

and To_is the room temperature (290°K).

The usual requirement for a mixer
the signal frequency and convert it tb IF.

input, frequency at which energy may enter

is th

The

the m

(1.32)

[

bandwidth being considered,

.

at it takes energy at
re is however, another

ixer and, when mixed

with the fundermental of the LO, produce energy at the IF. This is

referred to as the "image". Noise from the RF source at both signal

and image frequencies enters the mixer and is converted to IF. Thus,

there are two separate source kTOB at the input as shown in Figure 1-6.

2kT B
N ==—2-+N

o L e
c

(1.33)

To determine the noise figure of the mixer in Figure 1-7, we

consider the signal to noise ratios at input and output.

If RF power Si,enters the mixer at the signal frequency,

4
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IF amp.

/\ No I@width B
IF L/,/’ >
Inpu- L0

sourc& resistance

=

kTe B

Image 10 Signal . Ir
Case {(a)
bandwidth B
Ne
. pop iy B
%T, B -~ IF i
Invufs Lo,
sourc resistance
A —~ ' 9
L0 Signal ' I

Case (b)

-

Figure 1-6. The two different cases of mixer input noise.
. Case (a) Source noise at both signal and image frequency.
Case (b) Source noise at signal frequency only.
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S. S,
—t = —= (1.34)
N kT B
o
I .
Note that Ni here is the noise in the signa} band only. From (1.33),
‘ -
Val 51
S L
° . S . (1.35)
No 2KkT B + Ne
L
c. “
\
Thus from (1.28), (1.34) and (1.35)
aag oy |
F = £ (1.36)
kT B
0
L
c

1If the input source is not broadband (Case(b) in Figure 1-6), but instead
only presents, noise in the signal band (this can be achieved by using a
filter, although there arelcompligations in achieving this in practice)
a different formpla for noise figure results.

The output noise is then reduced 'and is given by

kT B
0

N = + N (1.37)
Lc e

Thus a second formula for the noise figure can be derived in the same

way for the mixer in Figure 1-6 (Case(b)).

F, = i | | o (1.38)



1

Examining. (1.36) and (1.38) it can be seen-that for a given
conversion loss Lc and excess noise N.» (1.38)>describes the noise
‘figure better than.(1.36). ¢ ‘

Thus a factor éffecting the mixer noise figure has been found,
while exists, whether or not the image source noise is suppressed.
This factor is manifest in the parameter mixer noise ratio N_.

The noise ratio is defined as the ratio of output ﬁoise to

-

input noise

N, o _
N = . (1.39)
r kT B
0. .
. | - )
It can be shown that (See (1.31)),
F =LN : (1.40)

o] cr

The noise ratio for the two mixers,'Figure‘*—6 Case(a) and (b),

is derived from (1.33), (1,37) and {1.39)

i) image noise NOT suppressed

2kT B + N
Ce e
N = (1.41)
r kT B
o
11) image noise suppressed , . A
kToB 4+ N
CTL e _

Nr = : : _ (1.42)
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Thus for a mixer followed by an IF amplifier as shown i

Thus the total noise figure F

F

By substi

Usually i
(whether
figure of
the total
due to lg
'is neglig

them is u

F

p Of the receiver front-end is

~

T " Lp + (Fo - 1)LR + (FIF i 1)LRLC- | (1.44)

tuting (1.40) into (1.44), .

. (1.45)

n caLgulgting EPé_noise figure of a receiver‘front-end

a mixer or an ampfi?ie; is in the first stage) the noise
the first stage becomes a major factor contributing to
noise figure. Actually the noise figure of the RF circuit
ss between antenna and the first gtage'(mi¥er in this study)
iblé because the length of the transmission line between
sually made as short as.possible.. Then (1.445 becomes

T = Flaixer + IF amp) ~ F, + (Fip - DL, (1.46)

¥
gy

25

Figure i-?, i.e., for the overall noise figure of the receivef front-
~ end, several subsystem can be cascaded. - - ’
The general formula for the noise figure of a cascade as shown’
in Figure 1-7 is
' %
fer 4 (F2—1)+ (F3-1)+
1 G1 | G1G2
. o
=Fp + (Fy = DL + (Fy = DLL, + oo (1.43)
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, . .
- h Antenna
- ~ :
| Lg )
Fo, Lc
RF
. - > cireuit | . 5>
a . t Wg loss ' IF
A |
™ : o
SN
- L0

Figure 1-7. The receiver front-end configuration.



Substituting (1.40) into (1.46) yields;

Fpo= (8, + Fpp - nL, ' (1.47)

Eqn.(l1.47) can be simplified as follows: since for IF frequen-

cies greater than 1 MHz, the '1/f noise has decreased to the level. of

the white noise, we can set the noise ratio of the diode practically
equal to unity:

| N_ =1 \ i _ (1.48)

»

and the noise figure of a mixer receiver front—end as shown in i

Figure 1-7 is giwen approximately by;

F =1 +« F ’ . ' (1.49)

Therefore, since the noise figure ggtermines-the low-level
A

sensitivity of the mixer, mixers are usually optimized for lowest

s

conversion loss. The importance of the conversion loss Lc and the
diode noise ratio parameters for the overall noise figure performance
FT are illugtrated in Figure 1-8, 'Aé a result of the reductions in
the barrier reéistance Rﬁjwith LO drive level,_the shunting effect

of the barrier-capacitance CB is reduced so that Lc reduces with drive

level. At very high 1eﬁe15, however, Lc will increase as the available

power at Ry will be dissipated in R,

27
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_Figure 1-8. Lc’ Nr and FT as a function of LO power [3].
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1.5 Intermodulafion

The most troublesome spurious responses in a super-heterodyne

receiver are usually caused by intermodulation. Spurious intermodu-
v ) < ' _
lation response is commonly caused by the mixing of harmonics from an

interfering signal with those from the local oscillator to produce the

IF. A .

™
To predict a receiver's susceptibility to a(partlcular eren—

vironment, the usual procedure is first to calculate the intermodula-
- . 19 - ] ' .
tion frequencies and thgglto‘determine if they coincide with those of

signals present in the env1ronment.‘ 1f any do, the receiver sensitivity

J
-

to such responses is measured or calculated [7] to determine if they are
above "threshold", where threshold is the minimum usable signal level of

the receiver.

Intermodulation distortion resulting from simultaneous reception

of the desired signal and multiple in-band undesired signals (external

interfefrence) are mostly encountered in mixers and comprise the most
difficult interference to suppress. External interference differs

from internal intlerference (caused by harmonic spurious responses) in

E

that once the desired and interfering signals reach the resistive mixer

input, rm®¥ filtering, balancing, or cancelling can eliminate or
reduce ﬁhe distortion [8].
" The theory developed in Reference [B] relates the relative
intermodulation digtortion in resistive mixers to the diode paraméters
o S

and the mixer's operating conditions, and predicts the relative inter-

modulation distortion caused by diode nonlinearity. The theory also
' . . *

L

A

29
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shows that the intermodulation ratio can be reduced by inéréhﬁing the
- LO power.

Interference in a mixer can gererally be aivided into two classes.
The first is that due to spurious ?espoqses at the reception of two un-
desired signals separated by IF frequency or the mixing of an JndeSired
signal with a harmonic ﬁf the LO. These types of intérferences can‘ N
generally be eliminated by preselection.

The second type of interference falls‘into three subgroups,
intermodulation d;stortion, cross~moduiation distortion and harmonic
distortion. These types of interference cannot be reduced by prese-

“ lection. In this thesis only intermodulation will be treated e#pli—'
citly, but the results apply equally to cross-modulation distortion.

If two sinusoidal signals and a LO signai are applied to a

nonlinear mixing element, the output, i.e., the result of (1.1), is

[

Bout = KO + Kl(S1 coswlt + 82 cosw, + SLO cosmLOt)

+ K2(S1 cosw,t + S. cosw

2
1 9 + SLO cosmLot)

2

+ K3(S1 cosw,t + S, cosw, + S. . cosw, .t)?

1 2 2 7 *o Lot

. 4
+ KA(Sl cosu, t % 82 cosu, T SLO cosmLot)

B

-

If the above'equation is multiplied out to the 4th powér, a
multitude of outputs at different frequencies are obtained. Among
the terms of interest are the IF terms and distortion terms. The

IFiterms are -

Bip = 2K,8,8 4 cq;(ml - mLO)t + 2K,8,8, cos(wz— TR YE 4 e

(1.51)
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-

Outputs called ihtarmodulationgterms are produced,

= 2 —_
BIM = 3K4SISZSL0 cos( Zui + w, + uLO)t
2
+ 3K4SISZSL0 cos (—sz + oo + wLO)t _ (1.52)

These outputs are shown in Figure 1-9.

Also cross m%dulation'terms are produced in the output.

£
J

= 2 v -
_BCM SKASISZSLO cos( 5 wLo)t
b4 w - -
+ 3K481828L0 cos( 1 wLO)t ,(I.SEY

These outputs cccur at the if frequencies of each signal but contain
the information of the other signal.

Comparing the intefmodulation distortion terms and the cross
modulation term with S1 equal to 52 it 1s seen that the magnitudes of

these terms are identical and therefore the percent of distortion due

»

to intermodulation is equal to the percent of distortion due to cross
‘modulation. - When a multitude of signals is applied to the mixer, the

voltage across the diode may be expressed as:

Vv = s1 cosw t + 8} cosw,t + 8, o cosw it ) (1.54)

.\ )
N fzqi

wltere Sl is the peak voltage at angular frequency.wl, 82 the voltage

at w,, and S 0 the LO voltage at LO frequency (mLO)' Substituting

L
(1.54) into (1.2), (1.55) yields:

. o® n '
i-= nElKn(S1 cosmlt -+ 52 cosmzt + SLO cosmLot) (1.55)

u
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?

+ Figure 1-9. Intermodulation products.
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-

(1.55) is an expression of the various curzzkts flowing at the

different frequencies in the nonlinear element. All possible combina-

r

tions of the three frequencies are included in this equation.

The desired down-converted .output frequency is
W . =W - oW tw o~ - W
IF1 - sl 10 °F e/ %s2 T “Lo (1.56)

The intermodulation distortion appears at frequencies
5

= - - = 2uW - W —UJ‘ .
“mii T g1 T Mg T OF  Upp T 29t 0 Yy (LSD)

"

The distortion present due to the intermodulation is best expressed
as the ratio of the currents flowing at the intermodulation frequency

to the current at the IF output frequency.

i i

% intermod distortion = .IMl or = —Ilﬂg*
- 1r1 - Y1F2

—

To find which terms in (1.55) yield currents at the frequencies in -
(1.56) and (1.57), and to find the ratio of these currents, an approx-
imate solution may be obtained by fruncating the series (since (1.55)

is an infinite series).

As an approximation the series is stopped at n=4. Then the
LY

current at frequencies in (1.56) is
¢

. - 3. . 3 4 ;
lIFl ZKZSISLO + 3K4818LO + 3K4315L0 + 3K4SlS2SL0 (1.58a)

‘— - .
Also, in (1.57)

P 2
irmg = 3K451323L0 ) : _ {1.58b)
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Thus
) 1
M1 < .
¥ % 2 x 1 s? + g2 4+ g2 (1.58c)
i —_——2 1 2 LO
IFl 3 K, 8.5 ' 3.3
| 4 °1°2 1°2

If S, = S,, then S, = 8, = S, and

1 27 1
2 - " (1.584)
1 -— 2 Lo -
IF1 3 K 52 + 2 -i"‘—s{'-

4

If a large LO voltage is applied to the diode and the signal voltages

are small, then (1.58d) becomes approximately

1

i g2
S (1.59)
1171 SLo

sl

The ratio of intermodulation power to IF output power 1s S"/SEO.

From this it can be shown that a one dB increase in LO power would
yield a two dB decrease in percent intermodulation distortion for the
same signal input power. Also a one dB increase in signal power increases

the percent intermodulation distortion by two dB.

" Mixing products like nwy o+ maw shown in Section 1.2 are called

"single. tone (harmonic imtermodulation)" IM products because they appear
with only one RF input present. When two simultaneous input RF signals

mix with the L0 as shown in the above analysis to produce f_ = % f51

M

* fSz 4 fLO » these are called "twg tone" IM products.
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1.6 Dynamic Range

The dynamic range of any mixer is usually defined as Fhe power
range between the minimum detectable signal and the maximum input signal
that can be ac;epted before compression or undesirable intermodulation
effects take place. In the case of a supérheterodyne receiver, the

minimum detectable signal is determined by the overall noise figure

and the maximum input signal is normally taken to be the point where

a specified compression (normally 1 dB compréssion) occurs in the RF
to IF overall gain response and the mixer transfer characteristic
(will be shown in Chapter 4) as shown in Figure 1-10. Assuming that
the IF amplifier does not limit the system, this implies compression
in the mixer conversion loss respoﬁse.
If the minimum detectable signal tﬁDS) sensitivity of a receiver
is expressed as the signai power which is 3 dB greater than the system

noise power, then
MDS = 2kT BF., (1.60)

where k is Boltzmann's Constant, TO the absolute temperature in °K, B the
receiver bandwidth, and FT the overall receiver noise figure. The input
signal level which produces receiver compression is related to the over-

all RF to IF gain (G) of the receiver, and the dynamic range DR is the

) différence between the two input levels Pcomp and P in dBy, such that

MDS

P
comp _
G

DR = P (dB) . (1.61)

MDS
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F.
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- !
l:’-
4 1 az )
=
3 1 dB
~ compression
& - ;
o point
S
¢l
i Fundamental Two tone ‘
a output intermodulation
..‘.‘)I
5 ¢ i - I
& :

Spuribus
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Figure 1-10. Dynamic range compressions in (a) gain response and
(b) transfer characteristic.
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With reference to compression in the mixer conversion loss

response{= mixer transfer characteristic), the input power for 1 dB

.

compression (assuming that the IF amplifier does not limit the receiver

response again), will be given by

'S

Pmixer comPfESSion_= Preceiver compression Gamp (dB) (1.62)

where

G =G . - L (dB)
amp receiver c

In practice (neglecting the IF amplifier contribution), for

-

high dynamic range the mixer diode should be operated in its linear

region and the input signal level should be maingained below the

“‘applied LO power.

1.7 Bias

DC bias is sometimes made.use of for specific applicationms.
This is shown in Figure 1-11. - i

The main advantage of forward DC bias is that it enables ope-
ration with reduced LO drive, gr operation at reduced impedance levels
(RF and IF). A possible disadvantage for the low LO drive is reduced
dynamic range. DC forward current will, however, increase the diode
noise (temperature) ratio and this will provide a limit for this DC
component.

The advantage of reverse DC bias, providing the reverse i{v)

characteristic has low current leakage over the range of interest,



/"'-'-7

A
, A§(V) characteristic
' ')
7 ; 0 T v
I
1 1
(
>
}
1 | .
: Zero bilas .
/
Reverse : ’
DC bias o ]
!

!
[
L:L____,,,_;,.;-Forward‘DC bias

Figure 1-11. The application of DC bias.
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'is high LO power operatiom, with the possibility of increased dynamic

—

range.

If thg”application of forward bias requiring a voltage supply

had been used, then different polarity lines had been required in this un,HJ’

b

study, ié.,for a single balanced mixer. If the bias is derived from a

low -source impedance, then this value can be optimized so that the ne-

gative voltage:;LVEIOPed by the diode rectified current will compensate

for the applied positive DC bias, resulting in a variable bias with LO

-

drive and consequé&t_performance fairly independent of LO drive. This

;e

makes the circuilt more complex. i’

In order to obtain low noise characteristics and simplicity of

design for "the mixer as a_first stage in a receiver, zero bias has been

.o

used for this study. -

{

1.8 Burnout .
Burnout is a term given to. the overload effect which reéults in

. " significant deterioration in diode perforpance. At least two important

ggcqors affect_the burnout resistance of Schottky barrier mixer diodes.

‘The fdrst is RF impedance matching.‘ High burnout Schottky barr%er diodes

have a self-protecting behavior at high-power 1evels by appearing -as

mismatch and refleétingfmost of the incgdenp power back toward the RF

" source.’ This bghavibr éould be due to)jiiyétion of thgh%arrier capa-

citance [9]. Generally, low barrier Schottky diodes are betrer matched,

and therefore, absorb.more incident RF energy. . . .

. . s
A second burnout factor involves resistancé to nano-second

pulses. Schottky barrier diodes tend to avalanche in localized areas

T
T

=
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around the junction periphery due to highféiéctric fields and fail
catastrophically due to a localized alloyed site through the metal-
semicbnductor junction. The first degradation occurs in 1/f nogge‘ .

due to exiesigve leakage current and then'ﬁs followed by an overall

r

degradation 1n ndise figure due to loss of nonlfﬁear characterlstlcs.

Use of high eutectic temperature.barrier mgﬁal}systems generally re-
sults in hlgher bu;nout resistance Scﬁ&€:;y barrler dlodes. ‘Thls is
aléo true t}ﬁﬁome extent for CW and microsecond RF pulses . However,
in the long pulse duration condition, diodes fail in the center of

the junction indicatinizi}zhermal dissipation phenomenon. )

The old resistite mixer diodes use a-ﬁﬁint contagt type of

- —
. » .

construction that 1fmits maximum permissible pump power. The small
breakdown voltage of this‘type'of diode restricts the maximum permis-
S£b1e pump power that can be applied without causing excessive noise
figure due to breakdown. If large pump power is applied to a point
contact diode, the noise figure becomes-intolerable, and the proba-

bility of diode burnout becomes pféhibiEﬁvely large.

One’ techniquenthat will permit fRe use of high power is the

+

use of circuits that\incorporate several diodes. Since each diode

-

receives a smaller signal than in a single diode circuit, the inter-

~modulation.is lowered. But the large number of diodés'required fo

QEEEEH a significant reduction of intermodulation distortion results
) ’ L] . .
in cqulicated circuitry at microwave and mm-wave frequencies. An

alternative technique requires the design of diodes that can withstand

large pump powers. Therefore, high barrier GaAs Schottky barrier diod

.are preferred for eliminafing intermodulation dist05L10n.

40
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1.9 ‘Local Oscillatpr Requirements

All superheterodyne type receivers use one or more local
oscillators to convert 'an input frequenc an intermediate fre-

quency before” the signal is demodulated.

To be suitable for use in a superheterodyne receiver, an

oscillator must possess the following qualities. It must have

adequate power output, Lo power applied to a mixer obviously de-

termines the dynamic range e amount of distortion caused by

on 1.5. But there is an ob-

jection to increasing the LO powe‘ plied to a mixer. To reduce

L0 amplitude as far as'possiblp without affecting sensitivity or low-

voltage operation [10]. Whenlyn~band intermodulation responses are

- - » . M [ ’ .
.consldered, 1t is desirable to increase the LO power as much as prac-
L]

tical considerations will permif.
It must posseés adéd ate frequency stabilfty. If AFC (Auté—
matic Frequenﬁy Contfol) is t6 be used with the reciever, this |
requirement can be rélaxed considerably.
It must have reasonable power suﬁ%ly requirements; that is,
it should not take an unreasonably high voltage or require an
unreasonably high power input.

1.10 Single Balanced Mixer Using 180° Hybrid

Single balanced mixers in receivers have one advantage over
- t

single ended mixers: the concellation of the LO AM noise and of the

DC component at the IF port. Balanced mixers using hybrid junctions

41
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have additional advantages:

a. Local oscillator and signal input are isolated.

b. 'The isolation is independent of frequency.

A single balanced mixer containing a hybrid junction is shown in
A : N -
- ! . ' - +
Eigure 1-12. For many years, before the advent of microwave integrated

circuits, hybrid junctions were realized with a waveguide magic-Tee [11].

In planar technology such a junction can be built by combining two ortho-

gonal mode transmission media as realized in Section 3.3.

A hybrid junction is basically a 4-port device, as shown in

Figurel-12, so constructed that power, incident at one port, divides
equally intb two of the other ports, and does not pass directly to the
)

fourth or conjugate port. The inverse relationship of two equal inputs
producing full output from one port and‘zéro.from another aiso will be
_obtained, and is in fact a special case of the property that two coherent
inputs produée their vector sum and diffe;énpe at the other two ports.
One other propérty‘of a hybrid junction is of interest; it is the only
branching junction capable of appearing matched looking into any port
wheﬁ the other p&rts are terminated in their characteristic impédances;

We aésume that the ports, 1 and 2, in Figuge 1—15 are terminated
by matched diodes operating in the square law region. The RF signal
;oming from the antenna at port 3 and the LO signal at fort 4 can be
represén&ed as shown in Figure 1-13.

. .

Two diodes are mounted af,equal distance‘from the.center of

the junction. At one of the diodes, LO signal and RF signal are in

phase; at the other, they are 180° out of phase. The IF signal from
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Figure 1-12. Schemaﬁﬁc diagram of a single balanced mixer (receive
" frone—end}.
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Figure '1-13. Equivalent circuit of balanced mixer ‘using 180° hybrid.
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LY

one diode will also be 180° out of phase compared with the IF signal
from th% other. diode. The IF signal is recovered by substracting the
the outputs of the two diodes. - - -k

‘ Therefore by substyacting the two 'voltage outputs, Vl and.Vz,'
in the square law region og the dio&es, we obtain a IF Sjgnal'at the

output of a Single balanced mixer

o

.Vl - VZ o AELOES cos(ms - mLO)t (1.63)

where we have assumed equal, well matched diodes (no reflections) and

equal power splits with opposite polarities.

1.11 The Suppression of LO AM Noise [12] b

“Let the signal be

e = IEES[(I + S;\sinmst] {1.64)

[y

where S may be any complicated function of t, with a spectrum extending

out to fc. Let the LO voltage be;

&0 = IEELO {[1 + Vn(p,t)l sinQLOt} . ) (1.65)

where the open-circuit rms noise voltage,

raf

_rpf2
v (p,t) = [J'fl(N ). df ] (1.66)

(rms) oa’fm m

4

and fl and f

-

is the single sideband amplitude noise power density per ‘Hz of RF

, are the limits of the relevant frequency range, Noa (£)
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bandwidth corresponding to the offset frequency £, argument p is the offset
¥

frequency, fm is the frequency offset from the carrier, and Noa is the

AM noise power density. With the exception only of very poor oscillators
B A

a Vn(p,t) << 1 (1-6\7)

over any limited offset frequency range.
- v

The two signals are combined in a hybrP® junction in such a way
that—?alf the power fro% e and e; o Boes to each mixer diode. Either e

or e . is out of phase in the two diodes. We shall consider only the

case where the phase of e is the same in both diodes and the phase of
5 , . .

\\ €0 differs by 7 radians at the two diodes. This is the case shown in
b s

Figureé 1-13. We will now study the situation at the two diodes of the

balanced mixer. .
/

a) At one diode the sum of the two signals is,
- By =e /24 /[ (1.68)

t + ES[(I + 8) sxnmst]

Ero [1 -+ Vn(p,t)] sinw

. g . | .
Assume the signal frequency to be above the LO frequency. f,/
Let the angular IF frequencj be mIF' Then; N

19
w,oT oW =W ' -
s LO IF
&

and

E1 = ELO[I + Vn(p,t)] sin[(m-s - &IF)t] + Es[(l + 8) sin@st]

-
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EL0[1”+.Vn(p,t)][cos@

t sinmst - sinw__t cosmst]

IF IF,

-

+ ES[(I + 8) 81nm3t]

i}

b
ELO[I + Vn(p,t)] coswpt sinw t + ESCf + 5) sinw_t

- ELO[I +'Vn(p,t)} sinu ot cosw t

IF

{ELO[I + Vn(p,t)] cosw ot + Es(l + S)}'flnwst

¥,

“a

{ELO[l + Vn(p,t)] SlanFt} cosu_t,

The square of the amplitude (AI)I is given by the sum of the
squares of the (sinwst) and (cosmst) terms.
Thus;’

<T@ = BT+ VY (,0)]7 costupt + EL(L 4+ 5)

IF

t

- ZFLOES[I +'Vn(p,t)](l + 8) costp

2 2 .. 2 "
+ ELo[l + Vn(p,t)] sin wIFt (1.69)

But

. 7 3 . 2 .
EiO{J + Vn(p”t)l = Eio[l + Vn(p,t)] [cos®u_.t + 51n1mIFt]

IF

Thus;
2 _ L2 2 2 2
(Al) = ELO[I + Vn(p,t)] + Es(l + 9
»

- 2B E (1 + Vh(p,t)](l + 8) cosw .t (1.70)
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Superficially it might seem that the only term to be .
passed by a following IF amplifier with an angular center
frequency Urgs would be the last term and that both the first
and second terms of (1.70), being at baseband frequencies,
wou'ld be rejecﬁed.

However, in practice E£0Vi(p,t) will have components

2
LO being very much larger

at an angular frequency NIF,‘and E
than 2EL0ES, they may be of significant power relative to the
wanted signal component, |

Such terms will be the result of LO AM noise sidebands
at an offset frequency approximately equai to the IF,

Thus after dropping terms which will be rejected by

the IFramplifier:
2 _ 2 2
(Al) = ELO[l + Vn(p,t)]

"_ - ZELOES[I + Vn(p,t)](l + 8) cosli .t (1.71)

b). . At the other diode, the signai phase is the same as
that at diode 1 and the pO phaselis éhiftpd by 180° relative
to its phase at diodé 1.

An anaiysis similaf to that carried out for diode 1
will give an equatioa similar to. (1.71) except that the sign

. hJ
of the second term will be changed. .The equation is:



2 .
(A" = B (11 V_(p,0)]°
+ 2ELOES[1 + Vg(p,t)](; + S) cosu.t

From (1.71) and (1.72)

2 - 2 ] [+
(&) = A)) = 4E E [1 + Vn(p,?)](l + S?‘coszFt
where ,i- )
(8% - A)) =

2 G YOLCORR YY)
Thus .

4EL0ES[1 + Vn(p,t)](l + 8) cosu .t

-A) =
1 "2
(4, +4,)

Now 7

2
E >> B+ E
L
where the normal condition in practice is:

E << E

b

(1.71) and (1.72) may be approximated by:

»

=
]

2 2
1 ELO[I + Vn(p,t)l

.
[its

{ B ELo[l + Vn(p,t)]
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(1.72)

(1.73)

(1.74)



aﬁd
Ay 5 EjEL + V-(p,t)] : (1.75)
so,
v Ap + A, = 2E 1+ Y (p,t)] - (1.76)
| . .
and i R
- _ 4ELOE5{1 + Vn(p,t)](l + 8) cosw ot
(A1 - AZ) = _
‘ . ZELOT_I +Vv (p,0d] 7 oo
Therefore
(Al— Az) = 2ES(1 + 8) cos ot : (L.77)

-

It will be noted that (A1 - A2) is the result of cohnectiﬁé
the outputs of‘the two mixer dioﬂes in opposifiqn and that, in doing
so, the LO noise component is'cancelledl In practice the mixer bal-
ance will not be perfect as we had.assumed in theory, but 20 dB to
30 dB ;ejection of LO AM noise may readily be achieved. Neverthéleés,
one of the main advantages of a single balanced mixer has been demonstrateﬁ.
1.12 . Conclusion
The basic resistive diode mixer principles and practical
parameters for design have been studied in this chapter with the
assumption of a square law device.

It has been shown that a 1 dB increase in LO power results in

a 2 dB decrease in the intermodulation distortion. Therefore the use

L]
-
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of 1argé L0'power will result in a mixer that is relatively immune to
distortion' caused by interference.
A single balanced mixer using 180° hybrid was also shown to
v

have the advantages of preventing the LO signal from radiating into

the RF port and suppressing the LO AM noise at the IF port.

-
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CHAPTER 2

PLANAR MIXER TECHNOLOGY < B

~
Brief descriptions of the plamar device technology including

device 'selection criteria, and of the planar microwave and mmwave

transmission media, fin line and shielded microstrip line, adopted
&

v

in our mixer design, aré given in this chapter.

s :




2.1 - Introduction -

For many years waveguides pro e basic transmission
+ i )
medium for all types of microwave and mm-wave circuit applicatioms.

The advent of the planar transmission media for that frequency .range

4

has set up a cost effective way of microwave and mm-wave circuit pro-

r

duction. Also planar active device technology &3mpatible with such
: _ : .

transmission media has stimulated developments of the picrowave and
mm-wave components in planar form. Those techniques are obviously
advantageous for low cost microwave and mm-wave applicatioms.

We shall discuss the planar device technology and planar
‘ , . ' i
microwave and mm-wave transmission media for our mixer design in
v ) W
this chapter, ‘

Mixer Diodes for Planar Circuits ‘ . '

-

Point contact and Schottky barrier diodes are used as mixers

from UHF to EHF. The nonlinear rectifying characteristic of these

+

diodes resides in a metal-semiconductor contact (junction). The first

published paper on the subject appeared in 1874 when Braun reported
Wiy,

the asymmetrical nature of conduction between metal points #nd crystals.
- A
Until 1965 point contact diodes wgre fabricated by contacting a semi-

‘conductor surface with a metal whisker. The contact, pressure in the
. - o . o ey

. » . N m« .

point contact diode, however, can damage the Juéé{}gq,“dependlng on

.
-

v
7f she amount of pressure exerted. The Schottky barrier diode provides

.

better mechanical and environmental reliability, and more repeatable
T v -

fabrication than an equivalent point contact diode. As a result of

- 4
r T
L)
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advanced planar/technolo§r, this diode’has'been produced in beam
rl )

lead configufﬁfion suitable for microwave and mm-wave frequency

applications.

2.2.1 ‘Physical Configurations

For diodes operating at microwave and mm-wave frfquencies,
beam iead packaging as shown in Figure 2-1 was developed in an effort
to overcome tﬁEJ}nherent large iﬁductance-of the pill package. Beam
lead packages are very compatible with microwave_and mm-wave integrated
circuits, qu-coplanar beams are formed, one cbntacéigg the rectifying

i

junction and the other providing an ohmic Contact as shown in Figure

2-1(a). The juncginn contacting beam gives.rise to an unaviodable

overlay cagacitance of 0.02 to 0.05 pF. In an effort to reduce this

_capacitance, diode manufacturers have endeavored to make the area of

the beam lead contact smaller and smaller. But this has accentuated

ﬁounting problems since the fragile leads may easily break off while

a diode is being bonded into a circuit., Figures 2-1(b} and (E) shéw

ﬁpur dlfferent beag_igfd pa;kaglng styles for 51ng1e and double bal-
7 e

anced/hlxers. Each'SchotEkyhparrler beam lead diode con51sts of two
.\ %_ / .

and four closely matched diodes respectively, formed monolithically

to agsure close matchlng of electrical characterlstlcs such as capa-

c1tanqe, forward_voltage and series resistance. Various styles of

- ~

packagings-othef than beam lead- packagings are available commercially.

[}
-

54
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(a) Beam lead configuration \
for a single ended mixer. 005
(NEC 5558-00) ' T
g
;*1_2- X -t
: n
| . A me
(b) Beam lead configuration’
for a single balanced
l mixer. (ALPHA)
= - A ‘ oar frima
| L : I 043 (1.092"""
":n ] 007 (.m
A R pias( ) O\
!-_ L
' l r 027
‘ | 023
Wi ) -
i (2]
& ,t _—
m..)
- } s
. -A“\l‘
A
i
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B - inch
mm .
Beam Lead Quad 294003 294.021
(c) Beam lead configuration for a double balanced mixer. (ALPHA)
Figure 2-1. Some beam lead packaging ‘coﬁfigurations for various mixers.
\:‘)
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2,2.2 Electrical Characteristics and Selection Criteria

For efficient conversion, a high reverse ;esistance and a low
forward resistance together with a sharp curvature of the i(v) charac-
teristic at the origin are obvious desirable featuyes. However, éood
static characteristics are.not a sufficient condition for good micro-
wave and mm—wave performance. At sufficiently higﬁ frequencies the
shuntinéieffect of the junction capacitance becomes iﬁportapt. "Also,
in microwave and mm-wave applications, other factors such as noise
and dynamic impedance are significant.

Unlike p-n junction, diodes, the Schottky barrier diode ﬁas
rectifying cﬂaracteristics based on majority carrier conduction, and
in normal operation exhibits virtually no storage of minority carriers.,
This results ;n more efficient rectification at high frequencies,
The fast response and low inherent noise make the Sbﬁottky
diode particularly useful in mixer as well as in detector applicéticns.

To select the best diode fo; a given mixer design, DC parameters
such as spreading resistance gRS), zero bias capacitance (CO) and
quality factor (n) can be investigated [13]. n is a dimensionless

parameter which appears in the exponent of the expression for the

i(v) characteristic (1.15)

o =9 | (2.1)

This quality factor, which is equal to or greater than unity, was

originally introduced to describe deviations from the ideal
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chéracteristics.
When different diodes are placed in the same mixer circuit, ‘
variations in conversion loss depend principally on the value of RS
and Cg, while n determines to a very large extent the noise perfor-
mance of the didde. For minimum conversion loss, the cutoff frequency
£, 0f a mixer diode should be as high as possibie. The cutoff fre—

quency is defined asffollows; v
£ = (2mR C 17 - (2.2)
c T2g%0 : '

In practice, most diodes have a sufficiently high cutoff frequency,
except for EHF applications, High turn on GaAs, Schottky barrier
diodes with lower series resistance and total capacitance have also
raised the compression peint of components. The small size of low
capacitance millimeterwave diodes complidates the task of obtaining a .
metal semiconductor interface completely free of any contaminating
layer. Thus i many cases, n will be much larger than unity, which
is the ideal value. 3

The importance of n in determining the noise performance of
a diode can be seen when we consider that the'main sources of noise
in a Schottky diode are shot noise from current flowing across the
depletion region and thermal noise from the spreading resistance R-
For a diode-at room temperature, the shotggoise contribution is by,
far the greater [13]. It is possible to model this shot noise by
assuming that the diode junction conductance is at an equivalent

temperature Teq such that the resulting thermal noise has the same
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-

N

magnitude as the shot noise.-—The equivalent noise temperature of a

)
Schottky barrier diode is given by - ~~

where T is the ambient femper;ture. Eqn.(2.3) shows the‘physicél signi-
ficance of n in determining the sensitivity of a diode. Thus, the

. quality factor is an important diode parameter and its vaiue,should

be specified by a manufacturet: In géneral, its value'should be as
close .to unity as possible; however, as mentioned above, this is
difficult to achi;ve as the diode diameter gets smaller. For diodes

operating at mm-wavelengths, the following values are typical;

diameter S 5 um

value of n & 1.18 at room temperature.

Diode packaging parasitics are also important parameters in
the design of mixers, since they usually set a lower limit for the
zero bias capacitance of the diode, thus effectively limiting its

cutoff‘ffequency.

2.3 Planar Transmission Media

2.3.1 Introduction
Microstrip lines and fin }ines belong to the general group of
i .
waveguiding structures composed of planar thir conductors, supported

-by dielectric sg?strates and are frequently shielded by grounded con-

rd | . }
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° k 4
ducting planes. Since all migrowave and mm-wave circuits require
metallic shielding to control higher order_modes, reduce radiation

.2 . .
losses, and eliminate external electromagnetic l?zﬂ;ference,the mixer

- must be shielded. 1In addition to shielding, low value dielectric con-

stant maferials are required to keep gpecially mm-wave integrated
circuit dimensions as large as possible. Because of their potential
for cir;%it integration, fin line and the shielded micrbstrip hhve
been paving the way for improved mm-wave integrated circuit development,
éonveﬁtional forms of‘;;—wave integrated circuits generally
utilize fused quartz dielectric substrates. This material has an
extrehely smooth surface (very desirable for reducing conductive
loss), low dielectric loss, and can be made thin enough for use up
to 100 GHz. The most undesirable features of fused quartz include
high cost, ease of bréakage, nondrillabfiity, and high reguired pre-
cision in the dimensioning of shielding enclosures. -
Glass fibre—enforced teflon (tréhe name—- RT/duroid 5880,
e, = 2,22) was chosenzgs a suitable substrate for mm-wave integrated
circuits after some experimentation [14]-[16].
Table 2-1 compares some features of fused quartz and RT/duroid.
Note in particular, the 40:1 cost advantage of RT/duroid which becomes
sipgiificant for large size subsErates.
True TEM propagation is impossible on a line surrounded by
two different wedia. Generally there will be longitudinal field com-

ponents. The boundary conditions for two similar dielectrics (air e, =

1.0, RT/duroid €. = 2,22) are not as stringent as when one of the
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<
métg{éals has a much higher dielectric constant than the other, e.g.
air vs alumina.

The propagation characteristics in inhomogeneous waveguides
with small substrate permitivities ar%btherefore very similar to those
in homogeneous structures. This méans that a microstriplline on RT/
duroid behaves practically like a TEM line, and a fin line on RT/duroid
has eséentially the properties of a homogeneous ridged waveguide;

. n
Insertion losses-for fin 1ine§ on several low dielectr;c constant
substrates are shown in Table 2-2,

In this thesis, fin tine and the shielded microstrip line are

used to construct afintegrated single balanced mixer. Specially fin-
.

line is chosen as a suitable transition medium from waveguide to the

diodgs and the microstrip line. The shielded microstrip line is ubed

for comstructing a band pass filter and a low'pass filter to diplex-

the LO and Iﬁ signals in the mixer. |

®
2.3.2 Shielded Microstrip Line

Microstrip is a very attractive transmission line for mjicrowave '*j
integrated circuit applications involving a large number of identical
units and requiring a high density of packaging. For low microwave
frequencies the quasi-~TEM theory- can be employed to obtain the charac-
teristics of micréstrip lines and, using this approximation, extensive
aésign data have beéﬁ calculated for both siﬁgle_and coupledulines [22],"
[23]. When the wavelength in a microstri? line becomes comparable to the

¢ 1
transverse dimensions of the line, i.e., above 20 GHz, the deviation from
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Dielectric {Minimum [Minimum ‘| Loss/A | Cost
®r lLoss Tan. Thickngﬁg)Me;al 612% (dB) (§/in2)
RT/duroid 2.22 0.001 0.004 0.0007 0.15 0.10
Fused Quartz| 3.78 ] 0,0001 hb.002 0.0001 0.05 4.00
Table 2-1
Ve
: Thickness Loss(dB/cm) | Lass(dB/cm)
substrate Er {um) at 27 GHz at 40 GHz
RT/duroid '
5880 2.22 127 0.01 0.02
Mylar 3 100 0.03 0.03
Kapton 3 +125 0.06 0.09
Table 2-2
-
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quasi~TEM behavior becomes significant. Thus this planar.transmission
ﬁedium becomes too lossy and too small in size (difficult tolerances).
Furthermore, multimoding becomes a problem in microstrip circuitg at
higher frequencies.

Figure 2-2 shows the cross section of a shielded microstrip

line. The transmission line consists of a perfectly conducting strip
of zero thickness, and finite width, W, residing on top of a dielectric

substrate of thickness, H, which, in turn, is enclosed inside a perfect-
&

ly conducting box. In addition,- the dielectric material and the metal
. ot // ‘
shielding -are assumed to ‘be lossless,

Since the analysis and synthesis formulas of shielded microstrip
line have been extensively reported in the ‘literature [17]-[19], [34]-

[36], these will not be presented here. Figure 2-3 shows the electric

field configuration 'in single and coupléa microstrip lines.
. L Y

In order‘to design couplérs and filteﬂg, the characteristics of
coupleé transmission lines must be known, i.e., the ﬁesired val&gs of
Z e {even mode characteristié impedance) and Z o (odd mode character-
istic impedance) [18]3/%19] hfve been used to calculate the circuit ’
dimensions of W/H and S/H as shown in Figure 2-2. The first step to
obtain W}H qnd'S/H ié to find the two single line shape ratios (W/H)Se
and (W/H)So.cofresponding to the impedances Zoej2'apd ;00/2, respec-

tively. .\\vfgkg . ’
N

-
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Figuré 2-2. Cross sectional géometry of the shielded microstrip.
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Single strip
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Even mode

Magneiic wnll
forward coupling

Odd mode
reverse coupling.

Electric wall

NI

Figure 2-3. Electric field configurations of:single and coupled
microstrip lines.
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"2.3.3. Fin Lines

H L -.r"‘

Fin line's are waveguides carrying a planar circuit in the

E—pléne} i.e‘f in the plane bridging the broad sides of the waveguide.
Figu;e 2-4 shSws'the cross section of four possiblé f%n line configu-
* rations,

: Even though fin lines are basically loaded waveguides, their
prbﬁagation properties are essentially determined by the geometry of
the fins rather than the dimensions of the waveguide enclosure. This
gllevzates the stringent tolerancé requirements for the waveguide di-
meﬂsions and therefore reduceslthe cost of fabriéation\

- .

Figure 2-4 also suggests that fin lines are realized by
ingerting a planar metallizagion patte;;?on a dielectric substrate
Befﬁeen the two %dentical halves‘of a split housing. Circuit elements ;)
such as impedance steps, inductive or capacitive discontinuities or
short circuits are realized by simply changing the distance between
the fins. There is no need to modify-the d}mensi;ns of the enclosure.
Thué; the fin lines combine the advantages of planar photolithographic

reifazation and the high electrical quality'of shielded waveguides.

Fiéure 2-5 shows the e1ectric>fie1d lines of the-éominant
mode in unilateral fin line. The‘fﬁickness of the substrate is éx~
aggérated for the purpose of easier presen&ation. It can be séen
that in the fundame;tal mode the energy is concentrated in the slot,
thus providing a goed impedance match between the line and devices

connected across the slot. It is alsc obvious that the planar circuit

capacitively loads the waveguide, thus lowering the cutoff frequency
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Figure 2-4. Cross sections of (a) unilateral, (b) bilateral,
(c) insulated and (d) antipodal fin lines.
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of the dominant mode. The next‘higher méde, however, is hardly affected

bﬁ the planar circuit, and its cutoff frequenmcy is thus almost the same
as in the eppty wéveguide. This means that the single mode bgndwidth of

fin lines is larger';han'that of commensurate waveguides and can effec-

tively exceed one octave, ‘ ' -

Since fin lines cannot sustain a static field, they have a non-
.zero cutoff frequency and exhibit linear distortion due to dispersion
‘'of the phase velocity. This results in a frequency dependence of the

effective_dielectric constant and the characteristic impedance as shown

-in Figure-2-6. °

The effective dielectric constant, ¢ is conveniently defined

>

eff’

_as the square of the ratio of free-spacé wavelength and guided wavelength

I3

) .
Copr = (A/Ag) | o (2.4)

:
The éharacteristic impedance of a fin li;e cannot be definedﬁin
an unambiguous way. Nevertheless, some specific definitions are, useful
in the treatment of non-TEM-tra%smissioﬁ lines és long as they! are épprd—
| Two different .defifitions of the char-

priate for a given application.

acteristic impedance are presented. One definition for "the characteristic

impedance is given by w o
2
/= v /2P
0 »
A
-“‘ !
.- 2% ¢
%
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Figure 2-6. Effective dielectric pﬁhstant{and characteristic impedance

in fin-line & commensurate waveguide.
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where V is the voltage measured across the slot between the fins along

AN

the dielectric, and P is the average power carried by the line. But
it'is noted that there is a difference between the value of the char-
acteristic impedance cbtained from this definition and that of the .

characteristic impedance in the definition
Zo =V/I

as shown in Figure 2-7.
At'cutoff, € off becomes zero since Ag tends toward infinity,

and Zo is infinite because the transmitted power is zero. As frequency

.

eff

This is due to the fact that with increasing frequency the RF power

increases, ¢ tends asymptotically toward 'er of the substrate,

is concentrated more and more in the dielectric. This concentration

L »
also causes the voltage across the gap to increase with frequency,

©

thus Zo increases as well.

A comparison of these characteristics with those of the com-

N -

mensurate empty waveguide (dotted lines in Figure 2-7) show clearly

the following features of fin lines: AN

i) The domiﬁan; cutoff frequency is ponsiderably lowered,

;\/

The cutoff frequency of the first higher mode is pga¢-
Eically the same. Heni?, the operating bandwidth oé
the fin-line is larger than that of .the waveguide,

ii)  Within the original waveguide band, the fin line is less

.
dispersive than the waveguide. (Its €

-._.;/ | o ' . ’ '

of £ changes less

e
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than the waveguide,

PNy

T H . . . .
with frequggeyiz\yfipce, it has less linear distortion

i) Within the operating bandwidth, the fin line has lower

characteristic impedjnce than the¥yaveguide, which is

advantageous when introducingjsemiconductor devices

into the line.

-,

The lowest characteristic impedance (leqf than 10 @) can be

.

d with antipodal fin lines by overlapﬁ?ﬁg the flns. However,

tqn of devices is mor¢ difficult in such lines since they

must be placed across the dielectric substrate,

72

Losses ‘are ‘about one order of magnitude ‘higher in fin lines ./ ~

\

than in commensurate waveguides.

[

This is due to the fact that fields

are conceéntrated in the vicinity.of"fin edges, thus the current is

distributed over a.much smaller area causing higher conductor losses.

Furthermore, dielectric losses occur in the substrate. Since for fin

¥

lines with narrow slots the attenuation constant increases linearly

”

with frequency, it is convenient to express fin line losses in dB/

wavelength,

-

For typical fi® lines, the attenuation constant at millimeter

wavelengths is approximately 0.1 dB/wavelength. This is about three

to an unloaded Q of about 26d.

times as low as that of a comparable microstiép line and corresponds

in line circuits are usually realized with enclosuresk?f

standard waveguide gize. This ensurgs compatibility with instrumefta- °
. ,‘f ‘ . . .

tion ang graveguide components. Tfansi

~

e

ions are realized by tapering

/

-
N~—
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The length of the fins from zero to the final value over a distance
¢f one to three waveléngths.

The only»role.of éﬁe gubstrate is te mechanically support the
delicate metallic fins and, the devices connected to them. In order to
reduce its electrical iéfluence on the line, it is made as thin as
mechanical qef%iderhtions pe;mit, and its permittivitf as well as its
loss tangent should be as small as possible. The twélmost freduently
used substrates arg RT/duroid 5880 (Er = 2,22, tané = 10—3) and fused
quartz (sr = 3.75, tans ='10-H). The metalldic pattern are produced,
on one or both sides of the substrate using conventional thin £ilm
phptoiithographic techniques, Devices in beam lead or chip form can

asily be mounted in the fin line pattern,- .

The closed form expressions for fin. line synthesis are also A,

.

reported in the Appendix for easy refe;gnce;-

N -

T

2.4 Conclusion " e
’ A

At mm-wave frequencies, the attenuation constant of microstrip
line is about three times as high as that of a comparable fin line as .
mentioned in the previous section. Also higher order ‘modes and fabri-

cation tolejz;ces become considerable problems in the higher millimeter
. ) .\ v
band. ,

. . )
//’ At 17 GHz, the combination of the microstrip line and fin line

for cur mixer design permits one to take best possible advantage of the

properties of these transmission media,

-
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CHAPTER 3 : Lo

) DESIGN AND REALIZATION OF A
;. .

_\éLANAR SINGLE BALANCED MIXER FOR 17 GHz

N s

N ' ; -
The design and the realization of a planar single balanced \\\\\
- +

mixer at 17 GHz are illustrated in this chapter, The descriptions

o

of two fin line transitions, two microstrip filters, the planar 180°
hybrid juntion, matching networks, and enclosure designs are included.
. . . R @
[ ? -

'

\.#



3.1 Introduction
<::\\\?he development of a Ku-band'single bqlanced mixer using a
© 180° hybrid in quasi-planar technique is described in this chapter,
Considerable design information fér this type Pf mixer is available ”
in the literature [20]-f24].
. . . 3
The mixer pumped by a lﬁ.l GHz local oscillator converts
a RF signal at 17 GHz down to an IF of 900 MHz with a bandwidth of
1 GHz. |
The elem;nts which are*désigned.and realized include unilate-
ral and antipodal fin line transitions, two microstrip low pass and
baqd pass filters, a 180° hybrid junction combining fin line and
mierostrip line, and 2 matching (tuning) network. These components
are integrated on 0,03 in. thick RT/duroid 5880 substrate (e = 2.22)

which,is suspended in the E-plane of the waveguide (WR 62) channel

using 0.5 mm deep slots.

3.2 Overall Configuration of the Mixer

The mixer receiver front end design An this thesis covers the
-signal path from the output of the receivingihggeﬁﬁz’zgjihé input of
the IF a@plifier but does not include the local oscillator design.

" Figure 3-1 is a photograph of the completed mixer showing

.
i

the elements mentioned in the previous section and Figure 3-2 shows
- =

"iii}low“frequency equivé&ent circuit with the most important features.

S | @

the mixer.
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The main feature of the mixer design is in the junction

.

(180° hybrid) formed by a balanced transmission line (fin line).

and an unbalanced transmission line (microstrip’ line). In the

" particular design chosen, the RF signal is incident on the balanced

line and the LO signal on the unbalanced line. Basically the unbal-
anced signal from the microstrip line cannot propagate past the junc-

tion, while the balanced signal from the fin line can pass the junction,

. »
The junction ensures symmetrical. excitation by the LO signal and anti-

symmetrical excitation by the RF signal, #

With the nonlinear mixing elements (two Seam 1ead‘GaAs Schottky
barrier diodes) connected across the interface between two transmission
media.as shown in Figure 3-2, when RF and LO sigqais are abpliéd to the-
diodes, the signals are radiatively coupleh to the diodes'and heterodyned
in them, The IF_signal appéars on ﬁhg unbalanced line side: therefore - '
a diplexer is required to seperate the LO from the IF.signal. Figure

3-2 shows a diplexer consisting of the parallel connection of a low

pass filter and a band pass filter.
- Since the mixer ispa three port device, three tramsitions to

Ty . L . ot : i
external circuits as explained in Section 3.4 are required in the

- -

mixer design.

3.3 Realization of the Hybrid'Junction T

The most important part.of the single balanced circuit is the 7-

«

1809‘ﬁ§brid junction realized in planar technoldg&.

To obTzin a 3 dB 180° hybrid characiéristic in plénar circuit

form, two orthogonal mode transmission lines, namely fin line and
vt ) : .



»

.

microstrip line have been used. The electric field configurations
of the two quasi-planar transmission media are shown in Figure 3-3.
The planar 180° hybrid junction is formed by combining two orthogonal

mode planar transmission media as shown in Figure 3-4., This planar
4 :
A

hybrid has the same characééristies as a conventional waveguide mggic )
Tee. . . N .

The E-fields on the unbalanced microstrip line which carries
the LO signal are divided symmetrically at the junction. Areas 1 and
2 ghown in Figure 3-4 prbvide in-phase excitation of the LO éignal..

The fin line carrying the RF signal provides antisymmetric and hence,’

out-of-phase gxcitation in areas l.and 2. The balance of the above

)

mentioned cl cteristic depends on the symmetry of the junctio%a

geometry. !

A

The fact that the unbalanced signal from the LO po;t.cannot

pass the junction eﬁféqtively isolates the RF port from the LO port

and prevents the radiation of the LO signal through the receiving

B

antenna. —to—ws'isolation is usually greater than 20 dB. But

“10

this,property also causes the VSWR for both W and v .. ports to

LO

depend on the match betwetn the respective transmission Llines and
. : . /

the diode in the same way as in sipgle ended mixers,
Bbéh the LO and IF signals eéist on the ﬁpbalanced microstrip
line.” Thus, a low pass filter for separatinglboth signal is.necessgry.
The mixer has been designed by ‘connecting two GaAg Schottky
barrier diédes across the junction. It is importaﬁt to match the

diodes to the RF and IF pofts for a low conversion loss. LO match

‘1
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can be degraded at the expense| of increased LO power. But the matching

r

- networks for the RF and LO sides are related, because the diode para~

.+ sitics are common to both., At 17 GHz;:ﬁhe'diode'parasitics'ére strong
functions of the mounting structure, particularly the series inductance'
. L5 and the mounting 'capacitance Cm aé-ﬁhqwn in’ Figure 3—5.' Although

the diode impedance should be characferized in an_ervitynment similar

to that of the final application, it is almost impossible to charac-

R . ¢
terize the diode in the same fin line-microstrip junction.. Therefore, .
. _ « .

in designing this mixer two types of tunable diode matching cifcuits

have been included in order to optimize diode match empirically.
. 4

-

Fiéure 3-5 shows the equivalent circuits of the input matching networks
of the RF and LO signals as seen by-one iﬂd'vidual diode
nd 10 pig y i : -

The Beam leads of GaAs Schottky barrier diodes have inductive
components rather tﬁan~capacitive ones, This is so because manufac;'i
turers keep the capacitafhce as small as possible to avoid.RF shunting
effects. To compensate the inductive componént of the diode beam lead;'
.an’ open stub was introduced with a length

- ' lstub < AgRF 14 ' (BQL)

.
-

The impedance of the open stub can be expressed as Z = —jZOcoth,'
A special method described belaow has been used to tune the diode react-
ance since it 1is ﬁe;y difficult to measure the exact impedance of such

diodes mounted on the junction. TFigure 3-6 shows the realization of the

input matching network. It consists of the symmetrical microstrip

!’

-



oo 83
. \rl—\\\
L: \
— ' N 20 g U T
? / i \
1. ' :
2 zofin.' o : ! :
RF port SN N
- N ) o [
[4
g /)\
\/ q" 3 - Yoa
- ' L'Y_\lﬂed
_ .
. 2 To IF |
. -t
2 7’ .LO port
osm
A
. . - To IF

Figure 3-5. The equivalent diode matching networks for the RF and
LO ports. ) ’



’

™~

"Metalization on the back

o~

Figure 3-6. The experimental tuning
reactance components of the diodes.f

/

P

¥

2
¥

circuit for compensating the

B4



85

stubs with a number of meta 'c_ségments. The electrical length of
the stubs can be increaséd in steps by covering the gaps with solder.
’?zr;- The AgL0/2 gsection in Figure 3-5 was chosen for resonance at
the LO frequency, and AgRFIA was also chdsen to return the RF reflec-
tion passing the junction to tbe diodes again for more mixing in the
diodes. The IF signal can be extracted through the LPF and the IF
port right after the AgLOIZ section.

A photomicrograph of the junction is shown in Figure 3-7.
The two beam lead ‘GaAs Schottky barrier diodes have been connected
across the junction® between fin line and microstrip line By means of
the epoxy soldering technique [25]. Epoxy solderiﬁg;— a low tempera-

ture soldering-- requires a temperature 125° for about 1 hour.

ABLEBOND 36-2 (trade name) which contains silver as a lead has been

-
¢

used as a soldering material, The typical properties of the epoxy
(ABLEBOND 36-2) are shown in Table 3-1., When connecting the diodes
across the junction, very careful attention is required, and because

of the.tiny dimensions of the diodes, toothpicks have been used to

¥ .
‘handle and to position the diodes,

3.4 Design of Transitions

Three types of -transitions are used in this mixer.

1]

”

a tapered transition from waveguide to unilateral fin line.

Z a tapered transition from waveguide to microstrip line via
an antipodal fin line.

1

_a short tramnsition from microstrip line to coaxial line..

'
»
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o Table 3-1. Typical properties of ABLEBOND36-2.
K}
Consiatency Very aoft, very smooth paste
Filler putre ailver
Specific Cravicy ‘2.4 grama/ml
Suggeated Cure 1 hour @ 125°C or
achedulea (MIN} 1/2 hour @ 150°C
Hardoesa (Shore D) a2 , i
Volune Resistivity Cured'one hour 8 125°C 0,0001 ohg=cm
Cured 1/2 hour @ 150°C 0,0001, ohm=cm

Cured 5 minures @ 200°C 0.0001 cho~cm
. Cured J minutes @ 250°C 0.00006 ohm-cm
Voluma Reaistivicy

After 250 hours @ B5°C and 95T R 0,0001 chn-cn
Volume Resistivity

After 1000 houra 8 150°C 0.0001 ohm-cm
Volume Reafstivity

A 150"C 0,0001 ohm-cn

' a 200°¢ * 0,0001 chm-cm

a log*c . * 0.0001 ohm-ca

@ 400*c : = 0,000! ohm=cm

Return to 25°C 0,00004 ohm-cm

Temperature incrcased 55°C each 15 minutes

4 Lap Shear Streogth
. To Gold 1800 PSIT
Alumioum 1200 PSIT
Lap Shear Strength
- To Gold Tr

after 250 hours @ 200°C 1000 PSt
Thermal Conductivity
@a121*c

1.0 BTU/ft

ftzhr/'!’
COLOURED PICTURES . .
lmages en coulecur

T

T

-
Figure 3-7. A photomicrograph showing the two beam lead diodes
connected across the junction.



First we will consider the input impedance transformer to
match the diode pair to the signal input via a unilateral‘fin line
taper. ' The equivalent Eircuit between the output of the receiving
antenna and the diode pair is shown in Figure é-B(a). ‘The waveguide

impedance [26] at the fundamental mode, Zin’ is given by

b A

7. = 668 —-2 ) . .. (3.2)
in s
a Ao

where a and b are the waveguide inside dimensions. Aé and AO are
the guidéd wavelength in waveguide and the free space wavelength
respectively,

| The resistive mixing diode impedance was assuméﬁ to be 100 Q,
the value suggested by the manufacturer. But the matched diode pair
is connected in series a£ the RF port and in parallel at the LO port
respectively. Therefore the slot width of the fin line right before
the diode pair was designed to be 200 2, Two capacitive open stubs
described earlier were added. The tuning network right after the
diode pair must block the RF signal passing acrogs the junction.
"It comsists of-a lgRF/a section of microstrip line. Sin;e the matched

H

.diode pair is connected in parallel at the LO port, a 50 Q microstrip
line was placed Eﬁ;er the matched diode pair.

The fin line tapef';as designed as follows: since at the
diode pair, the fin line iﬁpedance had to be edual to 200 Q, the
corresponding slot width for a &T/duroid 5880 substrate (Er = 2,22,

thickness 0.03 in) has been calculated with a computer program [27]

to be 0,46 mm. The fin line taper transition layout was then obtained

87
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(a) ‘equivalent circuit looking from the RF port
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By,
Figure 3-8. Design and realization examples of the RF port unilateral
fin line taper transition.
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. .
with (3.3) usingha CALCOM plotter as shown in Figure 3—%§b).

The equation of the profile is given by (3.3)

ey _ _ ZI-A%ys
§ =51 - (51 - s2)(1 T

the wiiﬁh between two taper lines shown in Figure 3-8(b). ©

(3.3)

where S

ZzI: the increment number for a given taper length,
ZImax=A00 was chosen for this thesis.

“~ 81: largest slot width (7.8 mm).
52: smallest slot ‘width (0.46 mm). _ .
XL: length of the taper transition. (40 mm = 2Ag ).

Af: incremental length (XL/ZI ).
max

-

The-unilateral finlline taper transition ‘for the Rf port t6 the matéhed'
giode pair was realized as shown in Figufé 3-8. The antipodal fin liné
taper transition from the LO port to tﬁe.SO Q microstrip section has
been designed and the taper La&out.has also been bbta%ned with(lﬁe same
method as the unilate;al taper shown in Figure 3-9. The V§WR of the

" shielded microstrip line to SMA coaxial line transition at IF port can

' be neglected because of the loy frequency (900 MHz). The resulting

VSWR at the IF-port is shown in Figure 4-9.

3.5 Design of Microstrip Filters

- As we mentioned earlier, a diplexer is required to obtain the
IF sigpal since the two_signals, the LO and IF signals, appear at the
output of the diode pair. To realize such a diplexer, we have designed

a low pass filter for the IEysignal and a band pass filter for the LO
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Q&\ metalization on back of substrate

/529 metalization on front of substrate

Figure 3-9. Antipodal fin line taper transition for the LO port.
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signal. In this section the design details of tKe filters will be

explained in sequence, . . T
) .

1

3,5.1 Microstrip Low Pass Filter -

A symmetrical Tchebyscheff low pass prototype filter with

0.01 dB ripple at the IF (900 MHz, Af = 1 GHz) and 30 dB attenuatioh

r

at 2 GHz, have been desigﬁed with a LC cascaded network [28] as shown
in Figure 3—19.l 5 sections were. chosen to meet the filter specifi- .

cation, X r
- " ' N . .
’

- .
From the symmetrical property q& the LC network in Figure 3-10,

By = 83 7 Bg inductance :L
. - -
By = B : capacitance i
v ~
gy = generator internal impedance (50 Q)
Bg = load impedance (50 @) - -~
- t
The normalized generator impédance and the mormalized radian )
frequency ®f the pass band edge respectively. o ' {

o

"
go"
wi =1

"Since the LPF has a symmetrical configuration, we need the calculation
- 2

of 3 section components.

e ‘ ' '
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‘ Figu:E 3-10. LPF realization from the lumped circuit form to
micrestrip form.
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-

The normalized values of the components can be obtained from Table Q:Z

in the Reference [28].

~

Thus
Gy = Gf = 8y = 8. = 1 [Mho]
L} =Ll =g =gg=0.753 1)
Co=C, =8 =g~ 1l30_z.9 [p]’
‘ L] = g, = 1.5773 [H] T %

The real values of the components. can be obtained by the following

transformation forﬁﬁias [28]. For resistances or conductances,

R = (é;%) R" - or G =-'(;§%) G'
0 0

For inductances,

And for capacitances,

SEVEAR

Q’V¥1

(i)(l)c
G!' w
0/\"1

where G0 = 0.02, fl = 1.4 GHz, wl = 21Tf1

w'-

1 -9
— = 0.1137 x 10
wl _

AN

-

(3.4)

. (3.5)

(3.6)
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G! - G
9 50, ?£L= 0.02
0o . O

&\ ’

. . = \
There;a?,vh} chtain :

4.3 nH, L3 = 8.97 nH

[
]
[
it

@]
1}
(9]
|

= 2.97 pF

whefélthe effect of the dispersion at the IF frequency (less than
1.4 GHz) is neglected. |

fhe next step is the realization of a microstrip LPF with
the above mentioned components., In general, the distributed lumped

model impedance of a transmission line can be assumed
)

i

o

Zod'(capac1tance) < ZO (50, 0) << ZoL (inductance) - (3.7)

To ensure that no LO signal reached the IF port, two AgLola

sections were used to realize 8y and gs,-and the impedances qf the
e

two AgLO/Q sections were selected in accordance with their length.

Reasonable starting values for the inductive and capacitive section
; _

impedances have been assumedain accordance with (3.7). For the

o

capacitive line: : -

e

Zoc = 25 Q, \H;:::E>
For the‘indﬁctive line: . '

ZOL = 130 Q,




It was further agsumed that losses were negligible.
The lengths for the mainly inductive elements (short line

( < Ag/4)) are given by ,

- . . . \4

X, =2 sin (an[}\g)

2 = (Ag/Zn) sinﬂl(wL/ZO) . (3.8)

4

By using a small angle approximation (anllg << w/4), (3.8) is

simplified to

ngL
- (3.9)
= Z
)
Lengths of mainly capacitive elements can be realized by
| B, = '-i—sin (2ne/a )
C VA - g
) '
A -1
. 2= —8 sin " (uCz ) (3.10)
. O v
27

~As in the previous inductance case,

-

%= fA ZC ' ‘ , (3.11)

The combination of low impedance (wide microstrip line) and high im-

pedance (narrow microstrip line) results im a significant step discon-

95
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" realized as shown in Figure 3-11.

\
tinuity. But the stray series inductance due to the discontinuity

can be neglected. The expression for the step capgcitance for short

iength is approximately given by [29] ~

C, & —gr— . (3.32)

-

The capacitance actually calculated for the capaciti;e length of. line
must in fact be less than the required total lumped value C because
the inductive sections of line and the steps in width alreaéy'contri-
bute their capacitances,CL and CS respectively.,

Therefore, for the capacitive line

C1ine = CT'— CLI - CL2 - Csl - CsZ . (3.13)

where CL and C , are obtained from (3.12), applied to each adjacent

1

inductive line, and CSl and C52 are determined using the expression
given in Reference [30]. Cé = CL = 2.45 pF was obtained for this LPF.

The overall 1.4 GHz microstrip low pass prototype filter has been -

3.5.2. Parallel Coupled Resonator Band Pass Filter

The microstrip band pass filter was designed by cascading
half wave resonators / each quarﬁer—wave parallel coupled to its
neighbor. This type of filter has a narrow-to-moderate { 10~15% )
bandwidth chapacteristic. The g@&antage of parallel or side coupling

over the end coupling is that the filter length’ is reduced by approxi-

-
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mately half. The mixer unit becomes more compact in size than wlen

- .

direct (end 3 coupled structures are used. Also the parallel arrange-
? - '

ment provides relatively large coupling (Br a giggs spacing between

resonators.

The actual structure of the\Licroétrip parailel coupled-BﬁF
using half-wavelength resonators, positioned so that adjacent resona-
tors parallel each other along half of their lemgth is shown in
Figure %—12. \

The Tchebyscheff BPF for the LO signal in the mixer has been
designed with the following characteristics: 0.1 dB insertion loss at

—
pass band and 30.dB or more attenuation ( isolation) at 14 and 18.2 GHz.
To méet this sﬁécification, n=4 is required.

Figures 3-14(a) and (b) show a typical low pdss prototype design
and a corresponding BPF desigq, which can be obtained‘directly from the
prototype as explained in the previous section by a low pass to band

pass transformati&H\TQS].

In the equations for the band pass filter element values, the

' and wi correspond to

gj are the prototype filter element values, w
the prototype filter response as shown in Figure 3-14(a) fo£ a typical
Tchebyscheff case, and w, -fgﬁ W), and w, apply to the correéponding
baﬁd bass filter responge.as shown in Figure 3~13(b).

The filter structure in Figure 3—14(b) consiéts of series re— '
sonators alternating with shunt resopétors, an arrangement which
is difficult to achieve in a practical microwave or mm-wave structure.

In micriwave and mm-wavw filters, it is much more practical to use

a structure which approximates the circuit in Figure 3-14(c), or its

BN
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Tigure 3-13. Low pass prototype response and corresponding band pass
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dual. In this structure all oE‘the resonators are of the same type
- .

and an effect like alternatlng series and shunt resonators is achieved

by the introduction of "

impedance inverters" [28].

Ag idealized admittance inverter operates like a quarter-
wavelength line of characteristic admittance J at all frequencies.
Thus if an admittance Yb is attached at one end as shown in Figure

.~

3-15, the admittance Ya seen looking in at the other end is

Y = Y | (3.14)

As explained in Figure 3-15 [28], an inverter may have an image phase
shift of either 190 degrees or an odd multiple thereof.

Because of the inverting action indicated by (3.14), a series
inductance with an inverter on each side looks like a shunt capacitance
from its exterior terminals. Likewise, a shunt capa&itance with an

- ,
inverter on both sides looks like a series inductance from its external
terminals. Making use of this property, the prototype circuits in
Figure 3-14(a) cap be converted to the equivalent form in Figure 3-14{c)

which has identical transmissign characteristics to the prototype in Fig-

ure 3-14(a). From (3.14),/the inverter-has the ability to shift admit-

tance levels depending on the choice of the J parameters. TFor this

reason in Figure 3-14(c), the sizes of GA’ GB’ and the capacitances

"-—Gan may be chosen arbitrarily and the response will be identical to

»-

that of the original prototype as in Figure 3-14(a). Provided that

the inverter parameters.J o] 3T specified as indicated by the
b

following equations:
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Figure 3-14(a). A low pass prototype filter. i
L, G
VY it m_”.___ﬁ-v-n_l :
le -
r a
Ry L, c, Ly Cy Lt gnn
qO fel
* Ln t
* n QDD
)
FOR SHUNT RESONATORS:
. »
. wig, '
b, = w,C. = JJL— = o~ - = ausccptance slope (1) Wy T @
I ! 0~y parameter . = wa
’ ——
FOR SERIES RESONATORS: Cdu = l/(.aJICAJQ
L]
1 OB
%, = wl i 3 = reactance slope (2}
. " wD('i v parameter

Figure 3-14(b). Band pass filters and their relation to low pass
prototypes. Trequencies ml w,, and w, are defined in Figure 3- 12
and go,*g}:...., 4] aT€ defined in Figure 3-14(a).

Jm b J‘C JIZ Caa !Tn,nu G’B

T as . . TturJ

NOTE: Adapted from Final Report, Contract DA-36-039 5C-64625, SRL;
reprinted in Proc. IRE (see Rel. 1 by 5. B, Cohal.

Figure 3-14(c). The band pass filter in Figure 3-14(b} converted to
use only series resonators and impedance inverters.
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A al
. Jol
808
o e o
T, i | aK~a(K+1) N L (3.15)
K=1 to (n-1) ExEr+1 '
- CanGB
n, ntl
gngn-i-l

A way to derive the equatforns for J
Reference [28]. Therefore,

for the first coupling structure

J01 _ Té

Yo gogl

for the intermediate coupling structures

I, k+1 8

hés been found in

n, ntl

(3.16)

Yo Zuw' 2.8
 {K=1 to (n-2) ¢ ¢ TKTKH

and for the final coupling structure

Jn, nt+l . mé

Yo Zgngn+1

where § 1s the fractional bandwidth

0.062

(3.171)

(3.18)

“(3.19)
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The frequency transformation from the low pass prototype filter to .

-, the band pass filter is then

w2 £, - £ .
L =-_ = 2.2 ©(3.20)
w 8 fo : ‘

To obtain the coupling structure in microstrip form, the odd-
and even-mode coupled line impedances Z,o @nd Z__ are only required

[18}, [19]. These are given by

- 2 52 )
( cm)K, K41 20(1 +al +a zo) (3.21)
) = - 2,2y : , :
(ZOO)K, K+1 Zo(l aZo + a ZO) .E (3.22)
where
a=194 .

To meet our specification, 0.1 dB insertion 16ss (ripple) at pass band,

the graph has been referred [28]. To use the graph, the paramete¥ re-
- quired is given by

LlJ|

W
c

k-

30 dB insertion loss ot more at 14 and 18.2 GHz (band edges) is.realized -
with the condition n=4. Thus the values of the parameters are gbown in

Table 3-2,

-

{'H'h
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4
[ ) “
K e, k1 7 Yo Zodx, k1 @ Z,Jx, ka1
0 0.296 69.2 33.6
1 " 0.08 , 54.3 46.3
2 . 0.0692 53.7 . 46.8
Table 3-2

K =&0,l,2 are for the half part of the BPF which has symmetry property,
By computer program with optimization,. the eﬁuivalent single
line synthesis yields:

Fl

(W/H)Se

8.80056

(W/H) 14.78594
S0 '

Thus for X = 0,

S/H = 0.19, S 0.762 mm)

1l
)

0.15 {where H

’

WAL 4.4, ’w 3.35 (where H = 0.762 mm)

N . -

The length of the half wave resonator becomes

I
It

A .
—& = 6.74 -~ 0.734 = 6.006 mm

: ’ { - < | \\‘\H.



And similarly for K =1,

.
S/H = 0,8352, S = 0.64 mm
W/H ='%>, W =4.27 mm
.
for K=2, §=0.7mm ’
W= 3.9 mm

The structure of the actual microstrip parallel coupled BPF is shown

in Figure 3-16. Loy
.

3.6 Geperation of Circuit Layout

The complete planar mixer has been integrated by combining
the planar components designe@ in the previous sections. The crigi-
‘nal size planar mixer layouts on the front and back sides of the sub-
strate are shown in Figure 3-17(a) and (b). Those circuit layouts

v
have been obtained by CALCOM plotter. Since this plotter was not
compatible with the computer calculatiﬁg tﬁe_circuit parameters, the
mixer. layout has been realiéed by using the circuit dimensions ob-
tained from the circuit parameters.: * -

For better resolﬁtiﬁn of the actual circuit, the layouts were
enlarged five times by bALCOM plotter and reduced photographically éo
the original size. Tinally the metalization pattern of the circuit

board has beeb obtained from that mask by means of photolithographic

technique.

/
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Figure 3-17(b). Back side of the mixer layout,

)

(original size)
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3.7 Design of Housing

The housing, an enclosure protecting the planar circuit against .

0

radiation loss and external electromagnetic interference was designed

-

and constructed in the physics shop at the University of Ottawa as

+

shown in Figure 3-18 (photograph of the complete houg?ng).fﬁthe effect-
iveness of the housing will be documented in Sectioﬁﬁdef describing a
13 dB improvement-of the radiation loss of the LPE.

Figure 3-19 shows the various units of the mixer housing.
The waveguide ports for the RF and LO ports have the standard dimensions
of WR (62). The space below the ground plane of the microstrip section
in WR (62) was of no pr;Ltical significance. Also, fhe housing has

been designed such that the cover of the mixer could be opened for easy

tuning.

3.8 Conclusion

A planar single balanced mixer using 180° hybrid has been
designed and realized to convert a 17GHz signal down to an IF of 900
MHz.

——

The condition that minimizes the cgnversion loss does not
necessarily minimize the mixer noise performaﬁte [31]. However, in
this thesis the length of the signal path has been shortened as far as
possible to reduce the conversion loss due to the cirguit;y.

Microstrip has been-chosen for realizing the LPF ;nd BPF,

The mixer circuit has been integrated on a single substrate, RT/duroid

5880 (Er = 2,22 ),



Figure 3-18.

Photograph of the complete mixer housing.
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Figure 3-19(f). Two halves of the mixer enclosure.



CHAE?ER 4

MEASUREMENT OF MIXER PERFORMANCE

N
This chapter demonstrates the measurement methods and the
characteristics of the mixer we have realized. The conversion loss,
1]

noise figure, VSWR, isolation, and transfer characteristics were

measured.

=
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4.1 Introduction

~
After constructing the mixer, VSWRs were measured at the RF,

Lo, and' IF pqu7, The isolation characteristic between the LO‘and RF
ports will be discussed in Section 4.3. The LO power level and the
tuning elements have been adjusted for minimum conversion loss.
The'd§namic range and the signal power transfer characteristics
vere examined to ensure linear mixer operation., The noise chafacterist—

ics of the mixer were obtained with the manual Y-factor method. At

the end of this chapter an overall evaluation of the mixer is givem.

4.2 Filter\@haracteristics

Before integrating the components designed in Chapter 3 on a
single substrate, the BPF had been designed to keep the IF and its

harmonics from the LO port. It was checked with a transmission mea-—

a
surement test set ( HPB690 sweep oscillator main frame, HP8695B

\

plug in, and HP8755A sweep amplitude analyzer ).

At 16,05 GHz, a peak indicating resonance was shown in the
first measurement without housing. The resonance was shifted down
to a lower frequency when housing was added; /&hus, the BPF with

-

housing was tuned by reducing the capacitiv

sonators. \T

29 dB attenuation at 17,0 GHz and 15.9 GHz was obtained yith
. 4 \

the housing. However, without the housing, 16 dB attenuation was obtain-

components of the re-

1
-

ed at the same frequencies. The 13 dB di}ference is due to radiation

losses.
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+

The LPF was designed and the response investigated at the LO
frequency. 25 dB attenuatidn was measured at around the LO frequency
as shown in Figure 4-1. This response ensures a good isolation charact-

eristic between the LO and IF porés.

- "

4.3 ﬁ VSWR and Isolatign
Fd

VSWRs at the three ports of the mixer depend cn the degree of

the match begqsfzjgiodes and the circuits of the three ports. The

slotted line method was used to measure VSWRs.

VSWRs at the RF and LO ports were measured with a setup as

.shown in Figure 4-2. To measure the VSWR at the RF port, a 11 dBm LO

signal was applied and the IF port was terminated in 50 Q; The RF
signal from the source was supplied at a -30 dBm power level,

Tuning was done by adjusting the stub length while measuring
the VSWR at the RT port and watching the IF on a spectrum analyzgr.
Figure 4-3 shows the VSWR characteristic at the RF port. The best result,
1.45: 1, was obtained at around center frequency.

For VSWR measurement at the LO port, the same measurement set—
up was used under the same cordition. But the equipment in the dott-
ed recfghgle shown in Figure 4-2 was placed between the mixer under
test and the LO source instead of betwéen the mixer and the RF source.
The VSWR measured at the LO port with -30 dBm RF power and 11 dBm LO
power was 1.65: 1.

The VSWR at the LO port is not a critical parameter in the mixer

design,

Yo
' ' .

L

8's
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Figure 4-1.
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VSWR measurement at the IF port was accomplished with a wave-

*

guide termination at the RF port as shown in Figure 4-4, The IF signal
A

( 400 - 1400 MHz ) was applied to the IF port for various LO power
levels. The VSWR in the IF frequency band is shown in Figure 4-3.

At 1.4 GHz, the worsf result 1.6 : 1 was obtained because of Eﬁe‘ﬂ#ope
of the LPF characteristic. At.600 MHz, the best result 1.18 : 1 was

obtained.

As a result of the VSWR measurement, it should be notegd that

a broad band mixer exhibits different VSWR characteristf&s_a' different

L)

frequencies. Factors causing this include circuit resonances. and

-~
changes in diode impedance as the LO power level changes., Also of

importance is the fact that the input lmpedances of t Hhe_;h;ee.d&EEEE;ﬂ_\
ent ports are load dependent, even though’ they are isolated from
each other. At higher mm-wave frequencies, this effect is greater
since isolation tends to drop as the fréquency increases.
Isolation between the RF and LD ports determines the radiation
\ .
of the LO fundamental and its harmonics, specially the 2nd harmonic,

by the receiving antenna. Isolation was measured at a LO power level

of 13 dBm with a setup shown in Figure 4-5. At the RF port, 30.5 dB

isolation was measured at thésfundamental and 22.5 dB isolation at its

2nd harmonic with the spectrum analyzer. This excellent isolation is

an inherent characteristic of the hybrid junction. The isolation cha-

racteristic between the LO and IF ports was also measured with the
: N

.

same measurement setup except that a waveguide termination was placed
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sweep oscillator
HP415E

$

O

hY

sweep oscillator

HPB695B
HP8699B

HP8690B
HP8699B
:"q)
“"L/ 3
Attn.| Narda 7Q5-69 -
i ey
slot-:ted -|<—I .
line
874-LBA
L4
poher meter
HP432A
<
IF
Adapter
HP281B
; , \_ 9.8 dB
RF Mixer IF
waveguide
termination

waveline 754

Figure 4-4. VSWR measurement setup at the IF port.




126

"

103B111I9S0

doonms

-y

JUslEsINsSEam UOTJIBTOS]

"¢~ 2an3Tg

*dnjes
Ly
01 29XTH e |
; ) 1
123uUnco EELED
*baag aamod
UOTJBRUTEIA]
5 0s

0 '

-

aszhieuE

unijoads




127

at the RF port and the spectrum analyzer was connected to the LO port.

A 21.3 dB isolation between the LO and IF ports was measured.

4.4 - Conversion Loss Measurement

The conversion loss of microwave and mm-wave mixers depends on
many factors as mentioned in Chapter 1. However, khe conversion loss
depends also on LO power level and RF signal power level in the pass
band, The conversion loss measurement was done at various power levels
of the 1.0 and RF i!gnals. The best conversion loss was obtained at a
RF power level closest to the signal saturation level.

Before adjusting the tuning elements; a clear spectral informéfion
at the IF frequency was obtained by a measurement setup shown in
Figure 4—6. Figure 4-7(a) and (b} represent the IF spectrum without
and with tuning respeétively. After calibrﬁtion of the spectrum analy-
zer, the conversion loss measurement was done at 11 frequencies in the
pass band at a LO power level of 13.5 dBm and a signal level of ~30 dBm.
Figure 4-8 presents the mea5urgd conversion loss vs. signal frequency. .
The conyersion loss was typically 4 dB, reaching a minimum of 3.7 dB at
the center frequency of 17 GHz. The cable loss between the spectrum
ahalyzer and IF ports was considered. Figure 4-9 is a phtograph of the
conversion loss measurement setup.

Fad

The full power range over which the mixer is usable can be in-

.

vestigated by a conversion loss measurement. It provides the transfer
characteristic and determines 1 dB compression point and dynamic range
of the mixer. These characteristics which are.shown in Figure 4-10 were

measured at three different LO power levels while increasing the RF
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(a) IF spectrum without tuning
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Figure 4-9, g photograph showing the conversion loss meéasurement setup.
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power level. Figure 4~10 shows the mixer dynamic range to be greater
than 55 dB. Below a RF power level of -45 dBm, the linear dynamic
range was no longer realistic because of the limitation of the mea-
suring equipment. Also near the saturation level there is a 1 dB

compression point that indicates the upper limit of the mixer dynamic

range.

4.5 Noise Figure Measurement

The total output noise power includes contributions from the

signal and image frequency bands. The single sideband noise figure

of a mixer is

s. /N I'('].'o KT KT KT
in’ Tin + + +
T F— = in L . L L_. L
SSB g /N ‘-—T————g—— sig 1m S1g 1
out out — in
sig KT .
o
= {1 + Lsig 1 *'EEL (4.1)
L. T '
im o

where KTo is the input noise power‘per unit bandwidth from an input
termination of T (290°K) and T, is the noise contribution of the de-
vice to the total system output noise power, i.e., effective-input
noise temperature of the mixer, Te is assumed to be constant over the
frequency band that includes signal and image frequencies.

For the case where Lsié = Lim’ the single sideband miﬁgr noise

figure is

Foo=211+= (4.2)
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The factor.Z would not appear in double.sideband applications, where
usable input signals are also received in the image frequency channel.
Input noise power would contain equal contributions in the signal and
image bands giving a total value in (4.2) of ZKTO. The 2's in the

denominator and numerator cancel so that the double sideband mixer

noise fipure is

Fpep = L+ T (4.3)

. The noise figure of a mixer (single or double sideband) depends
on its application. A particular mixer will have one noise figure when

£l

used in conventional communication and radar receivers and another when
used for radio astronomy.

For many microwave and mm-wave mixers, the assumption of equal
image and signal conversion losses is valid, and the difference in npise
figure is 3 dB. If this assumption cannot be made, conversion losses
must be measured at the signal and image frequencies.

The noise figure measurement of the mixer has been done basi-
cally by the manual Y-factor method using known excess noise ratio (ENR)
of a solid stgle noise source at the LO power 1 lel 13.5 dBm.

The noise figure formula using the Y-fattor A7

(T,/T ) - 1 YI(T, /T ) - 1]
F=""7_ = Y - 1 (4.4)
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If T, = T, then
T,/T -1 -
Y SR -
F = 7 1 (4.5)
But ENR can be defined by ' &
T
ENR = == -1 (4.6)
o ,

Therefore, (4.7} yields the neise figure in dB.

F(dB}/= ENR(dB) - 10 log(Y - 1) 4.7

where the calibrated ENR is usually'provfded by the manufacturer [32]
oEAthe solid state noise source.

The measurement of the mixer noise figure was car£1ed out with
the setup shown in Figure 4-11. Since the input freéuency (30 MHz) of
the noise figure meter was too low to connect the output {900 MHz) of

<
the mixer directly, another mixer to downconvert the IF was required.
By switching the noise source on and off the Y-factor (8.2 dB) was
obtained. And from the known ENR (14.8 dB) the mixer noise figure
6.6 + .25 (DSB) was obtained by (4.7)}.

The single sideband mixer-réceiver noise figure can be mea-
sured directly by inserting a filter between the noise source and the

mixer. 1If the filter rejection at the image frequency is large emough,

the term Lsig/Lim can be neglected. The SSB noise figure of the mixer
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i

is then assumed to be the piéasured noise figure minus the filter inser-
tion loss. However, the impedance presented by the filter affects the
mixer conversion loss at the signal frequency, the effective noise tem—

perature and the impedanc® match at the IF terminal. In operation, with

a broad-band resistive input tefinination, the termination provides a

-
noise input at the image and other spurious frequencies that is not
/ ! .
A .
accounted for when qggSuring'mixer noise figure with a filter. The -~

effects of source impedance [33] on mixer performance is that insertion

-

of the filter could change noise figure by several dB.

brM_;pnanonly way to measure directly the noise figure of the 8SB
mixer Wa

ving a resistive input terminatipn is to use a filter and iSo-

lator with the Y-factor method using hot and cold loads.

4.6 Conclusion

The mixer characteristics were measured under various conditi&as

. . .‘ .
in this chapter. ~
- v h

The low céhveré&on loss (¥4 dB) of the mixer is due to the use

ofNjjigh cutoff fregquency (100 GHz) GaAs'échottky barriet diodes and to

.

the \Idw mismatch loss in the signal path,

In our noise figure measurement a source mismatch effect had

-

~
to be considered when the noise source was switched on and off. Also
! <

to avoid the source mismatch effect an isolator was recommended by

Mamola and Sannino [33].



CHAPTER 5 .
CONCLUSIONS <
This chapfer presents severall shpecial features of the mixer

- - 4 - ‘
realized. Also future mixer design suggestions and trends for mm-

wave recelver applications are briefly discussed.
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5.1 Conclusions

The objecgive of this thesis was to design a single bélanced
mixer using planar technology at 17 GHz. ¥

A planér mixer using a 180° hybrid has been realized with fin
line and microstrip line components. The mixer presented can be fab-
ricated at low cost in large quantities and shows.very good performance
particularly in terms of conversion ‘loss. We.expéct that the.circ;it
can be scaled down to 30 GHz without considerable degradation in per-
formance. |

.Fin line transitions used in mixér design, unilateral and

antipodal fin line transitions for input and LO ports, exhibit good
VSWR characteristic. Compared with the other planar t&pes of transi-
tions, they have advantages, i.e., easy impedance transformation from
waﬁeguige to the other planar transmission 113& and to the active
devices themselves.

The 180° hybrid.combining the two planar transmission media

also prevents to a high degree (30.5 dB isoiation) of the radiation

of the LO power through the RF port.

5.2 Suggestions and Trends - .

H

A balanced mixer configufation as‘deécribed in this thesis is
the preferred approach compared to a single-ended mixer since 20-30 dB
of local oscillator noise suppression is provided as mentioned in )
Chapter 1. In radioﬁetric redeivers, where DSB mixers can be used,

this suppressidn allows a lower] IF band to be chosen, which generally

reduces the system costs withofit degrading overall system performance.
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v

However, for both communications and radar receivers, a preselector

is required for image rejection and, therefore, a high IF frequency
. AN o
is normally selected to ease the.design constraints that would be

placed on this preselector. Tor this reason, single-ended mixers

are very acceptable for the design of mm-wave systems.

It is possible to integrate a cavity-stabilized, solid state

—
-

local oscillator with the mixer on the same substrate., A further step

LS
s

towards an increased degree of integration would be to’ construct the
. F .

entire anteﬁna/receiver subsystem on the same substrate. Therefore
the entiré integration of the mixer receiver subsystem including antenna
and LO will clearly provide good cost effective design for applications
requiring large quantities. The trend to integration of mm-wave sub-
system or systems stimulates monolithic techn{ques. |

One of the key eléments that has attracted mué¢h attention in
the mm-wave region has been the development of low noise mixers. The
attainment of low noisé performance has been accelerated by the avail-
ability of high cutoff frequéncy GaAs Schottky barrier mixer diodes

™

and by the cryogenic cooling of mixer diodes.

At the time of writing, low noise GaAs FET amplifiers are
: s
available (up to around 30 GHz}. If device technology is available,
it is obvious that low noise GaAs FET amplifiers should be placed

between the antenna zhd mixer to increase receiver sensitivity, "

1 -
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APPENDIX b

CLOSED FQRM EXPRESSIONS FOR FIN LINE DESIGN [37]

L3

Meier's expressions for guided wavelength hg and characteristic

impedance Z_ in fin line are [38]: -

_.1/2

-
[t}

2
AR - (A/ACa) ] (A.1)

and

0
I

z, [K, - (x/xca)z]‘-lh (4.2)

where Ke is the equivalent dielectric constant, and A is the free

. space wavelength. Aca and 20m are the cutoff wavelength and charac-

teristic impédance at infinite frequency of a ridged waveguide of the-
same dimensions. In order to determine Ke’ we first obtain the cut-
off wavelength of fin line (Acf)xand the cutoff wavelength of the
equivalent }idged waveguide (Aca). The equivalent dielectric constant
at cutoff (KC) is then simply given by

2

K, = (Acf/kca) (A.3)

The equivalent dielectric constant Ke in (A.1) and (A.2) is assumed

to have the following general form:
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K .= F(d/b, sfa, X, €) * K ' (A.4)
e _ r c

where the correction factor T must be determined suéh that (A.1) and
(A.2) vield the resﬁlts given in [39]-[43]. In the following, the
analytical expressions for the required quantities are derived for
a waveguide aspect ratio b/a = 0.5 containing dielectric subsérates
of €. = 2.22 ana 3.0. They are valid in the normalized frequenby

range 0.35 S-b/A s 0.70 suitable for most practical applications.

A. Cutoff Wavelengths

. 'L s . o
MELEI'é expressions require the knowledge of the cutoff wave-

° .
bn equivalent ridged waveguide, obtained by setting g =

length A in
ca .
1.0. However, in order to keep the analytical expressions for Aeq 28
simple as possible, we assume that the equivalent ridged waveguide is
obtained by setting the substrate thickness equal to zero, which leads
to identical expressions for Aca in the unilateral and bilateral case.’

The normali#%d cutoff frequency (blxca) is then given by

0,173
b/x,, = 0-245 (d/b) (a.5)
" The normalized cutoff frequency (b/xcf) can be written in terms of >
the d/b and s/a:

b/A o = Ad/D)P(s/a)1 S (A.6)

cf

o ey —




For the range of structural parameters 1/16 s d/b s 1
¥
sfa § 1/4, the unknown constants in (A.6) are:

(1) For unilateral fin lines: (er = 2.22)
A= 0,1748 ,
-0.07
0.16 (s/a) 1/32
P - fB;
07 .
0.16 (s/a) = 0.001 gn[(s/a) -
- ' : 1/20
Q = =0.0836 Y,
¢
(it For bilateral fin lines: (e = 2.22)
~ r
A= 0.15
0,042
0.225 (s/a) , 1/32
P:= . -0.23
o~ :149 (s/a) + 0.1[{d/b) - (1
1/10
ST
: Q= -0.14

The values of the normalized cutoff frequency for €.

derived from the above results. We obtain:

v
TN
(1) For unilateral fin lines: (sr = 3,0)
2
A = .
b/Ag 3.0 = RW/b, sfa)-blmx 5 5y

+ 0.1[(d/b) - (1/8)7

/4 and 1/32 =

(A.75_
< sfas 1/20

(1/32)1
s sfas l/4

{(A.8)
s sfa s 1/10

/8)1? .
< sfas 1/4

-
= 3,0 can be
\

D

(4.9)
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S (11) For bilateral fin lines: (er = 3.0)

b/Atf’ 3.0 ° R(d/b, s/a)'b/)bf, 2.29 (A.10)
with

R = 0.9418 + 0.0754 (d/b) -

- (s/2)[0.2813 + 0.35 (d/b) " + (s/a)]  (A.11)

Figures 1 and 2 compare the above expresé@gns with numerical results
obtained with the spectral domain technique. Results agree within *1 %

which inspires confidence in the above expressioms.

B. Equivalent Dielectric Comstant ]

Given the cutoff frequencies in fin lines and ridged waveguides
of identical dimensions, the equivalent dielectric constant at cutoff
K, is calculated with (A.3). Ke is then obtained by multiplying Kcl

with a correction factor F. The expressions for F are:

(i) For unilateral fin lines: (er = 2,22)
[1.0 + 0.43 (s/a)] (d/b)P1 1/32 = s/a 5 1/8
o [1.02 + 0.264 (s/a)](d/b)pl 1/8 5 s/fa = 1/4
(4.12)
where Pl = 0.096 (s/a) - 0.007 , (a.13)
‘-
(11) For unilateral fin lings: (Er = 3,0)
F=F'"+0.375 (b/x) - 0.2 (A.14)



with

0,086
1.368 (s/a) (a/b)P1

1/32 s sfa 5 1/8

F' =
[1.122 + 0.176 (s/a)](a/b)’2  1/8 < s/a s 1/4
4
(A.15)
where P1 = 0,375 (s/a) - 0.0233
P, = 0.032 - 3.0 [(s/a) - (3/16)]° (A.16)
(iii) For bilateral fin lines: (Er = 2.22)
-0,098 0,109 .
0.78 (s/fa) - (d/b) 1/32 £ s/a < 1/8
F = *
[1.06 - 0.2 (s/a)](a/b)’1 1/8 = sfa = 1/4
(A.17)
where P, = 0.152 - 0.256 (s/a) (A.18)
(iv) For bilateral fin 1ines:_(€r = 3.0) .
-0,026 P
0.975 (s/a) (d/b) 1 1/32 £ s/a < 1/8
F =
[1.0769 - 0.2424 (s/a)}(d/6)*2  1/8 5 s/a s 1/4
| (A.19)
where P1 = 0.089 + 0.288 (s/a)
P, = 0.16 - 0.28 (s/a) (A.20)

Typfcal values of Ke

b/A = 0.3556 are shown in Figures 3 and 4.

computed with the above expressions at

145
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C. Characteristic Impedance

The definition of characteristic impedance in fin lines depends
on the applications. We have used the voltage/current definition be-
cause it is practical in applications involving semiconductor devices

[44]. It is given as follows:

12000 ( 1; )
Z oo = _"ca (A.21)
o*Vi . T8 B m(a - s) TS
— Sin—— + [ =2 + tan 1 cos—_
d Ao Y ‘2 A
ca o ca ca
Y rd n
B 2b nd Q cos &) |
with Y_o =Tc—a[ﬂn csc(z—b) + - : l'(.lf_d_)
] Q sin o5
1 b
) 2 .2 oqd.2 4 ond o
+3g Gy ) [l -3 sin GEE) cos Gig)] (A.22)
ca
2 a1/2
and Q=1[1- (b/Aca) ] -1 (A.23)
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