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Summary

The crystal parameters to be considered for obtaining accurate information
about local oscillator noise suppression in a balanced mixer are theoretically
presented. The interrelationship between available local oscillator noise sup-
pression and the important design characteristics of microwave receivers are dis-
cussed and curves are plotted. A mebhod of accurately measuring local oscillator
noise suppression is given and experimental data is correlated with theoretical
results.

Introduction

It is generally known that the degree of local oscillator noise suppression
obtainable in a balanced microwave mixer is dependent on the parameters of the
crystal pair employed, and that a "matched pair" will give better local oscillator
noise suppression than a pair whose parameters differ. Although there has been some
literaturels2 on the effect of conversion loss and IF impedance unbalance, there has
been no quantitative presentation of the effect of rf impedance, IF impedance, and
conversion loss simultaneously. This paper deals with this theory in a more rigo-
rous fashion. In so doing, it is hoped that many of the prevalent misconceptions
as to what constitutes a "matched pair" will be eliminated. Having a more quanti-
tative knowledge of the effect of crystal parameter unbalance on local oscillator
noise suppression will enable the receiver designer to exercise greater control of
balanced mixer performance. This should result in receivers of lower and more
uniform noise figures.

1. Analysis of rf Portion of Balanced Mixer

In order to arrive at suitable egquations for determining local oscillator
noise suppression an analysis of the rf portion of a balanced mixer is given in
Fig. 1.

The rf admittances of the crystals in arms 1 and 2 of the magic tee balanced
mixer shown in Fig.l can be represented by normalized conductances gy and gp and
line lengths 1j and 1. The phase of the admittances are thus lumped with 17 and
15. The incident voltages on crystals 1 and 2 due to the local oscillator will be

# The opinions or assertions contained in this paper are the private ones of the
author and are not to be construed as official, or reflecting the views of the
Navy Department or the Naval Service at large.

1 g, Pound, "Microwave Mixers," McGraw-Hill Book Co., New York, ch. 6; 1948.
2 TRE Technical Memorandum no. 67.

26



Vi, = Re;é € JWit ¢ -3p1?, (1a)
2

and

Re Vip € Jowopt ¢ -igrf, (1b)

Sz

where Wy, is the local oscillator radian frequency and ﬁL is the propagation con-
stant at the local oscillator frequency. Due to mismatch in each arm, the effective
rf voltage across the crystal differs from the incident voltage by a real constant.
These voltages are

)
!

Vo, = K1 Re g et - Brfy) (2a)

and
VtIQ = K2 Re £j(wL't - 3 sz) (2b)

where

\/ 2V J 2 Vs

.____.ji and K2 - .._._...E'.I.J.
1+gy 1+g,

Similarly, an incident signal voltage Vis fed through the E plane arm would produce
at the crystal terminals

. ' i(wat + O - £
Vig, = 0y Re € 9(Wst * § - Bgly) (3a)
and
wet + § - Pt
Vi_s2 =—02Re€:j( 8 ¢ s 2) (Bb)
where
/ZV' /2V'
Cy = 1”2, ¢, = o s
l+gl 1+g2

and § represents the shift in the time zero relative to the local oscillator wave.
In order to compute the resulting IF output voltages from the two mixer arms, the
agsumption of square law mixing is made. Thus, the resulting output voltages would
be

Vo = A (Vg * Visl)z (4a)
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and Vo, = B (ViL2 * Vg (4b)

Substituting (2a) and (3a) in (4a), (2b) and (3b) in (4b), and only considering the
terms that are functions of CUS - W, gives

C1Ky cos [(wg = W)t + & + (B -Pg)¥,] (5a)

and

= ~CoK, cos [(ws-wL)t+¢+ (PL"ﬁs)/2] (5b)

<
'—';h
1 X
[

Since (B - Bs )(12 - / ) is at most 3° for wavelengths of 10 cm and below and
is usually much less, it 1s seen from (5a) and (5b) that Vif, is very nearly 1800

out of phase with Vif, independent of the phase of the rf ad.mlt’aances of the crys-
tals. A similar analysis for the local oscillator noise mixing with the local
oscillator would yield two IF noise voltages that are very nearly in phase.

2. Noise Suppression Equations

From the above analysis the equations for CK for a crystal is proportional to
the square root of its conversion loss, where conversion loss is defined as including
the mismateh loss. Thus, in a hybrid coil type of coupling circuit the resultant
output signal voltage is

V, = ClKl + 02K2 = / Ll + ‘/—iZ (6)
If this voltage were to be suppressed, it would be equal to
Ve = JIp - V1, (7)

The noise suppression, thus, becomes

-® - ) ®

For the non-hybrid IF coupling circuit used in most receivers, the considerations
are slightly different. In the parallel feed circuit of Fig. 2, ey and e, are the

equivalent open circuit IF voltages of each mixer arm and R; .. and Ry £ their IF
resistance. Hy 2
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Tt is assumed that all reactances are neutralized. Taking the square of the
ratio of in-phase and antiphase output voltages, gives: .

8y . ey 2
Ri R+
f if

s = | —1 2 ©)

el 62 .
. Ry fl Ry f2
ey, e
where ﬁfl~ and 7 2
lfl ; if2

~

are the short circuit IF currents of the two crystals. Since the conversion loss
is proportional to the square of the IF output voltage developed by the crystal
across a standard load resistance (400 + jO for the 1N23B), e can be related to
the conversion loss in the manner depicted in Fig. 3.

(RL, * Rigp) Ry
e = -—-—~—-—L=Eb(1+——l—€)
Ry, Ry,

[¢]
H

k /T 1+ 5t (10)

Ry,

In order to easily determine conversion loss and IF impedance unbalance limits for
a given noise suppression, Eq. (9), which can be written as

2 .
Sa, = 10 log (%_t_é) (11)
where ' .
e; Rig, /I Rig, . (Rifl * Ro)
- en Rifl - ‘; Ly Rj_fl (Rif2 + RO)

was plotted in Fig. 4. In the above equation, Ro is the average IF impedance of
the crystal. Fig. 4 is a plot of local oscillatior noise suppression in db as a
function of db unbalance in conversion loss with IF impedance unbalance factor

-~
Rig, (Rig * Ro)

Rig (Rig, * Ro)
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as a parameter. It is seen from these curves that 20 db suppression can be
achieved with 1.0 db of conversion loss unbalance and an IF impedance unbalance
factor of 0.9. The IF impedance limits can be calculated from the value of the
unbalance factor by using an approximation of this factor equal to

Rie. = Ri
Tt

2 R,

This is a good approximation when Rifz - Rifl is small compared to Rg.

3. Receiver Noise Figure

The increase in receiver noise figure due to local oscillator noise is given by

t’
PNgp = 10108 10 (1 ¥ m) (12)

where t* is the increase in apparent crystal noise temperature due to local oscil~
lator noise. Fif is the effective IF noise figure, and t is the crystal noise
temperature. If a balanced mixer of noise suppression S is employed, Fy becomes

10 log 15 (1 + ——l@———— (13)

Mg = P

Since it is desirable o have Fy well under 1 db, o t;Z%———i mist be much smaller
than 1; therefore, if - ;

4 t/s
F e .
Nb T Fj, ¢+t -1 (14)

Data compiled by P. D. Strum of Airborne Instruments lLaboratory shows that the

excess local oscillator noise ratio (t’ - 1) is proportional to the local oscillator
frequency. These data for the side of the reflector mode exhibiting highest klystron
noise are given in Table I.

TABLE I. KLYSTRON NOISE VERSUS LOCAL OSCILLATOR FREQUENCY (Fif = 30 mc)

Frequency 4

3000

9375 1
16000 1
24000 2
35000 3
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Substituting the data of Table I in Eq. (14), a family of curves was plotted for
the db of noise suppression required to give 0.2 db receiver noise figure deteri-
oration as a function of frequency with (t -~ 1 + Fif) as a parameter. Similar
curves were also plotted for AFygp = 0.3 db and 0.4 db. These graphs are shown
in Figs. 5, 6 and 7, respectively. It is readily seen that these curves can be
useful in that they enable the receiver designer to quickly determine the degree
of balanced mixer noise suppression required in terms of other design parameters.

4. Experimental Procedure

In order to verify the theoretical conclusions set forth it was necessary to
obtain experimental correlation. The experimental approach decided upon was to
measure the conversion loss, IF impedance, rf impedance, and crystal current for
a large number of crystal pairs. These quantities were measured using standard
measurement techniques. With this data, the theoretical noise suppression was
calculated for each pair. Using a balanced mixer receiver, the actual noise sup-
pression was measured and correlation with the theoretical results was studied.
The measurement teclniques for determining local oscillator noise suppression
considered were:

a) The use of a fluorescent noise source in the local oscillator arm (coupled
through a magic tee to avoid interaction of the local oscillator and noise signals)
and the measurement of the change in noise figure with the noise source on and off.
Noise suppression as a ratio then is

S P 1
N (15)

where P = the power ratio above KIB of the fluorescent noise source.

Fy = the difference in noise figure ratios for the two cases. This method
gives an error for values of suppression greater than 10 db since the output power
from the fluorescent noise source, which is initially small (12.86 db/KTB), when
" suppressed by more than 10 db, produces negligible change in noise figure ratio.
This low output power, therefore, makes the fluorescent noise source unsuitable
for local oscillator noise suppregsion measurements.

b) The use of & CW signal generator tuned to the signal frequency, and the
injection of this signal alternately into the local oscillator and signal arms.
The amount of added attenuation in the signal arm for the same receiver output
reading is then a direct measure of the local oscillator noise suppression. In
order to have stable operation, the frequency of the klystron signal generator
must be 60 mc away from the local oscillator center frequency, and the frequency
drift allowed is less than the bandwidth of the receiver. This degree of stability
is difficult to obtain unless special stabilization circuits are employed.

¢) In order to circumvent the difficulties inherent in (a) and in (b), a new
technique was devised. This makes use of a signal source having the high power of
a klystron and whose power spectrum simulates the effect of a fluorescent noise
source. When a 2K25 klystron with sine wave modulation of the repeller electrode
was employed, both of these desirable properties were obtained. If, for example,
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the repeller is modulated at a 60 cycle rate (fq = 60) and the maximum frequency
deviation, fq, is 6 mc, the components of the power spectrum will be

Pr) ok I (X) (16)

where X is equal %o fg and
q

n= ég-, an integer.
£q

Since X is large for this case (105), the power spectrum can be approximated by:

2n+1'n’)

P(f) X T%i cos (X - 7 (17)

provided X == n.

Eq. (17), for its range of validity, predicts a power spectrum existing at
60 cycle intervals with only two repeating magnitudes. The exact spectrum would
depend on X but for a given value of X the spectrum could resemble those shown in
Fig. 8.

This proves that the frequency modulated wave used had a spectrum that would simu-
late, for the purpose of the noise suppression measurement, a white noise spectrum
provided the bandwidth of the receiver is sufficiently small to keep X>>n. Since
the system employed for determining local oscillator noise suppression measures the
difference in the rf attenuation of the signal of the klystron when its output is
shifted from the local oscillator arm to the signal arm, the absolute power level
of that tube need not be known. The only limitation imposed upon this type of
signal source is that its frequency modulated output power, within the bandwidth

of the receiver, remain constant during the time required to make one measurement.
The frequency deviation of this signal was much larger than the receiver bandwidth.
Therefore, the small sample of the spectrum used had little variation. Measurements
vere rerformed to ascertain the stability of the output power level of the receiver.
This output was found to be constant in all cases for periods much longer than the
time required to make one measurement. A block diagram of the components used for
this measurement is shown in Fig. 9. A 2K39 klystron was used as the local oscil-
lator. TIts output was fed through a frequency meter, tuner, and attenuator to a
magic tee. Half the power was dissipated in a matched termination and the remaining
half was coupled into one arm of the short slot hybrid section3 where it was split
equally between the two crystals. The power level was set so that one milliwatt

of local oscillator power was available at each crystal. The output power of the
2K25 frequency modulated klystron was coupled from an attenuator to a coaxial cable
so that it could be fed into either of two channels. In one case the output power

3. Riblett, "Short slot hybrid section," Proc. I.R.E., vol.40, pp.180-184;
February 1952.
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was fed through a precision calibrated attenuator and "Uniline" (non-recipriocal
attenuator) to a magic tee. Half this power was dissipated in the termination and
the other half coupled to the short slot hybrid section from the same arm as the
local oscillator. It is seen that the signal power present in the local oscillator
arm of the balanced mixer is analogous to local oscillator noise. The magic tee was
used to couple these signals, to assure that there be no interaction between the two.

Since the IF input transformer cancelled in-phase signals, the simulated noise
signal was suppressed. Since the IF outputs initially were in phase because the
signal was coupled in the same arm as the local oscillator, the IF signals (with
respect to the local oscillator) will always be of the same phase. In the other
case, the signal was coupled through a calibrated attenuator and "Uniline" to the
other arm of the balanced mixer and was out of phase with respect to the local
oscillator, thereby giving maximum IF output power. In this case, the 2K25 output
power simulated signal power from an antenna. The pre-amplifier, commnications |,
receiver, detector, and output meter were used to amplify and detect this IF signal.
It is readily seen from the above discussion that if the output meter reading is
set at the same level for the two cases, the local oscillator noise suppression
is simply the difference of the required attenuation in the two paths.

5. Correction for IF Unbalance
Since any unbalance in the two transformers would lead to erroneous results,

a study of the effects and a possible correction for this unbalance is necessary.
The two basic equations for local oscillator noise suppression derived previously

are:
2
1+ 24
S - VIn for the magic tee
o = input circuit
1 JT&
/In
So =(

I
Scy for the non-magic tee
input eircuit

For either case if

a =

sl
E
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(a is defined as less than or equal to one), the true local oscillator noise sup-

pression becomes
2

The agsumption is made that any unbalance in the input circuit can be accounted for
by an unbalance factor K (experimental data, which will be discussed, shows this

to be a good assumption). If this is true, then any unbalance would modify the
above equation by a factor K (defined to be equal to or less than unity) such that
the suppression would then be:

2
= (i*ak 1
8 = (l-aK (19)

If the crystals were reversed in their holders the suppression would be

2
1 +a/K
52 = Gﬁﬁﬁa (20)

It is readily seen from the above measured values of Sy and Sy that the true sup-
pression can be found by taking the geometric mean of the constants akK and a/K and
substituting this value in Eq. 18. There are two possible solutions for Sy, depending
upon the magnitude of a/K. From Eq.19, for K< a, '

1 + aX
- L *tak 21
51 1 - ak (21)

-

Wi

which becomes -
ak _S—]______E

+1

(22)

i

5

From Eq. (20)

- (sz'%') = ﬁ% (23)

1
S 2+ ]
afk = —2 (24)

Solving for a/K

Taking the mean of (22) and (24) gives

i L
a= \/(Slj - 1) (82:- . l) (25)
(512 + 1) (5,7 - 1
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from which Sg is calculated by substituting this value of a in Eq. (18). Similarly

for K> a,
! 3
a = /Sl -1) (83~ 1) (26)

Py L
(512 + 1) (852 +1)

From the above equations a family of curves giving So as a function of Sy with Sp

as a parameter were plotted for K< a and K> a and are shown in Figs. 10 and 11,
respectively. As a check upon the validity of the above correction curves, measure-
ments were made on a group of crystal pairs which consisted of one 1N23B crystal and
one 1N23BR crystal of reversed polarity. Using these pairs, noise suppression
nmeasurements were made using a single transformer. By reversing one crystal the
polarity of the IF signal is reversed at that crystal. Therefore, the nolse outputs
are out of phase while the signal outputs are in phase. Since a simple transformer
would then give the desired suppression, the local oscillator noise suppression
measurements taken are therefore independent of unbalance in the IF ecircuit. Using
these results as the true values of noise suppression, the noise suppression of the
same crystal pairs using the push-pull type of IF circuit were measured. From the
measured values of S and S2 the correction curves were used and the resulting Se
was compared to the So measured with one transformer. The push-pull transformer .
arrangement was deliberately unbalanced to obtain tne most severe case where K <a.
The results show excellent agreement between ‘the two values of local oscillator
noise suppression obtained for each pair, indicating that the method described for
correcting IF unbalance is wvalid.

6. Experimental Results

Using this procedure for measuring local oscillator noise suppression which
gives results that depend only on the degree of crystal balance, noise suppression
of a large number of crystal pairs for both the magic tee and the non-magic tee IF
circuits was studied. The results show conclusively that corrclation with single
ended measurements, is very good provided the correct equation for the type of
IF circuit employed is used. Typical correlation curves for the two types of IF
circuits are shown ih Figs. 12 and 13. It is to be noted that the results were
obtained for crystal pairs of arbitrary rf impedance phase. Thus, these data cor-
roborate the theory. In obtaining the data for conversion loss and TF impedance,
the rectified crystal current was also noted. The degree of correlation was not
as definite as in the other cases. As a further check upon the resulis, measure-
ments were made at 35,000 mc using 1N53 crystals. A photograph of the equipment
used in this study,is shown in Fig. l4. These results are very similar to those
obtained in X band. They further demonstrated that local oscillator noise suppres-
sion is a function only of conversion loss and IF impedance of the crystal pair.
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