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performance. The gain is 15+ 1.5 dB in the frequency from
27.7 GHz to 28.7 GHz. The noise figure is 9+ 1.5 dB.

V. CONCLUSION

. A FET mount design method is established for 30-GHz-
band low-noise amplifiers. Two design examples were
shown using this method. One is 13-dB gain and 8.5-dB
noise figure, the other is 15-dB gain and 9-dB noise figure.
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Analysis of Image Recovery Down Converter
Made by Planar Circuit Mounted in a
Waveguide

YOZO UTSUMI, MEMBER, IEEE

Abstract —This paper presents an analysis of a superhigh frequency
(SHF) down converter using a Schottky-barrier mixer diode and a planar
circuit mounted in a waveguide. The analysis assumes that the mixer diode
consists of a nonlinear conductance g, a junction capacitance C;, an ochmic
spreading resistance R ;, and several parasitic susceptances. The frequency
performance of the impedance of external circuits at the signal, image, and
intermediate frequency bands is considered.

This analysis also includes consideration of the mismatching effect
between the converter and the IF amplifier, and the optimum design
procedure for the down converter.

Using this theoretical method, a SHF down converter was designed and

Manuscript received November 23, 1981; revised January 29, 1982.
The author is with Technical Research Laboratories of Nippon Hoso
Kyokai, 1-10-11, Kinuta, Setagaya-ku, Tokyo 157, Japan.

constructed. Its application is low-noise receivers for satellite broadcasting.
The design used the optimum image condition (the image impedance takes
a low value, i.e., nearly a short). The RF band is 11.7-12.2 GHz, the IF
band is 0.96-1.46 GHz, and the total noise figure is 3.3-3.7 dB. The noise
figure is in good agreement with the value (3.2-3.6 dB) obtained from this
analysis.

NOMENCLATURE

g Schottky junction nonlinear conduc-
tance of mixer diode.

o Schottky junction capacitance of

mixer diode.

808,82, Fourier expanded components of g.

0018-9480 /82 /0600-0858%00.75 ©1982 IEEE
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G, G G, Fourier expanded components of C.

R Series ohmic spreading resistance of
mixer diode.

C, Case capacitance of mixer diode.

L Lead wire inductance plus conver-
gence inductance of mixer diode
(from electrode to lead wire).

X, (Xp,) Equivalent circuit element, series re-
actance for capacitive matching strip
C at signal (image) frequency.

B (B,) Equivalent circuit element, shunt
susceptance for capacitive matching
strip C at signal (image) frequency.

(Xt m) Equivalent circuit element, series re-
actance for open-ended ridged guide
transformer 7 at signal (image)
frequency.

B! (B!,) Equivalent circuit element, shunt
susceptance for open-ended ridged
guide transformer T at signal (image)
frequency.

ny(n,,) Equivalent circuit element, trans-
former ratio for open-ended ridged
guide transformer 7T at signal (image)
frequency.

L Equivalent circuit element, series in-
ductance for IF matching circuit M.

n Equivalent circuit element, trans-
former ratio for IF matching circuit
M.

L, Coupling inductance expressing ex-
ponentially decayed IF component
in waveguide.

s

Z, Characteristic impedance of wave-
guide.

X, Backward image reactance at termi-
nal m.

Yo Intrinsic image admittance at termi-
nal m’.

Zo(Zg,,) Backward impedance of X-band re-

jection filter R viewed from mixer
diode at signal (image) frequency.
015(01m)~ 03s(03m) ’
(04,,) Electrical length of each transmis-
sion line at signal (image) frequency.
le(Zlm)~ ZS:(Z3m)

(Z,,) Characteristic impedance of each
transmission line at signal (image)
frequency.

6, ~ 6, Electrical length of each arm of X-

band rejection filter R at inter-
mediate frequency.

Z,~2Z, Characteristic impedance of each
arm of X-band rejection filter R at
intermediate frequency.
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i’, and m’.

Real part of y;,, y/,, and y,,.
Outward admittance viewed from
terminal s, s', i, and #’.

Input admittance at terminal s], s5,
i1, i5, m}, and m}.

144
Real part of y;, and y,/,.

Outward admittance viewed from
terminal s{, 55, if, i%, m}, and m.
Real part of y;;, and y,,,.

Voltage at terminal s’, i, and m’.
Current flowing into terminal s/, i’,
and m’.

Current flowing into terminal s{, sj.
it, i5, m; and m’.

Conversion loss of superhigh
frequency (SHF) down converter.
Conversion loss of semiconductor
portion (s’ ~i").

Transmission loss caused by R, in
signal circuit (s ~ s’).

Transmission loss caused by R, in IF
circuit (i~ ).

Mismatching loss at terminal s.
Noise temperature ratio of diode
mixer.

Noise temperature ratio correspond-
ing to thermal noise generated at R
in signal circuit.

Noise temperature ratio correspond-
ing to thermal noise generated at R
in IF circuit.

Noise temperature ratio correspond-
ing to thermal noise generated at R,
in image circuit.

Noise temperature ratio correspond-
ing to shot noise generated in g cir-
cuit.

Noise figure of SHF down converter.
Noise figure of IF preamplifier.
Shot noise power supplied from g
circuit to g/,;, g/, and g, ,

Shot. noise current supplied from g
circuit to y;;,, ¥, and y,,,.

Output shot noise current at termi-
nals si, i{, and m] of g circuit which
originate from shot noise power N,,
N,, and N,,.

Output shot noise current at termi-
nal 55, i3, and m), of C circuit which
originate from shot noise power N,
N,, and N,,.

Total output shot noise current at
terminal 7’ ‘
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i~ Conversion loss (s] — i{) with loaded

Yo at terminal m/.

Ly Conversion loss (i] — s7) with loaded
Yo at terminal m;.

Liyom Conversion loss (s; — m}) with
loaded y;}, at terminal 7.

Lt Conversion loss (m} — s;) with
loaded y),, at terminal i].

L Conversion loss. (i » my) with
loaded y;;, at terminal s;.

Ly, Conversion loss (m] — i]) with
loaded y;;, at terminal s;.

L., Iflput mismatching loss at terminal
8-

L, Input mismatching loss at terminal
if.

L. Input mismatching loss at terminal
mj.

Ly out Output mismatching loss at terminal
51

L, ou Output mismatching loss at terminal
’
ll. . . .

L1 out Output mismatching loss at terminal
my.

a8 Current transfer function.

I. INTRODUCTION

HE NEED for down converters is increasing, espe-

cially for low-noise receivers used for satellite broad-
casting and several other kinds of Microwave receivers
[1]~[5]- The basic principles of down converters were de-
scribed in depth by Torrey and Whitmer [6]. Many kinds
of analyses of down converters have been made with
special image conditions such as short, open, or matching
[2], [7]-[9]. Kim made an analysis [10] of the tunnel diode
and obtained the conversion loss and the noise figure only
considering the nonlinear conductance g.

A powerful method for analyzing the conversion loss
and the noise of mixers was published in 1978 by Held and
Kerr [11], [12]. Reference [11] shows the theoretical univer-
sal approach, which includes the effect of local oscillator
wave forms, and harmonics, and considers arbitrary embed-
ding impedances and effects of the junction capacitance.

In this paper, the principal interest exists in making a
practical design of a low-noise SHF down converter made
by a planar circuit mounted in a.-waveguide. Therefore the
analyses of the frequency performance of external circuits
and the mismatching effects at the IF port are emphasized.
A simplified model where only the signal, IF, and image
frequencies are considered, is used to get simple algebraic
forms of equations expressing a clear physical image how
the shot noise is generated and affected by the junction
capacitance.

Analyses of the noise performance of a Schottky-barrier
diode mixer have already been published considering arbi-
trarly image impedances and the effect of a junction capa-
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citance C, [4], [5], [13]-[16]. These analyses have made clear
the following points.

1) Increasing the value of the image impedance, the shot
noise of the IF component is amplified and converted to
the signal and the image frequency component again by
the effect of the parametric up-converter action of the
junction capacitance C,. This effect makes the value of the
noise figure large, although it makes the value of the
conversion loss small.

2) The image impedance satisfying the optimum design
condition of the down converter is low, ie., nearly a
short-circuit.

However, these analyses have been limited to the Schot-
tky-barrier mixer diode itself, and the frequency perfor-
mance of external circuits or mismatching effects have not
been included. These analyses are thus not sufficient to
design an actual down converter.

Original points of the present paper are the following: 1)
the frequency performance of the SHF down-converter
noise figure is obtained theoretically; 2) in the noise analy-
sis, the frequency performance of the impedance of exter-
nal circuits at the signal, image, and intermediate frequency
bands are included; 3) the mismatching effect between the
mixer diode and the IF amplifier is considered; 4) the
approximation where the IF frequency f is sufficiently
small compared with the signal or image frequency f, or f,
is not used, and the down converter action of C, is consid-
ered also.

Therefore, it is possible to achieve an optimum design
and minimum noise figure of the actual down converter by
using this proposed theoretical method.

Finally, the experimental results of the low-noise down
converter using a planar circuit mounted in a waveguide
are shown compared with the theoretical results obtained
by this analysis.

II. CONSTRUCTION OF SHF DowN CONVERTER

We constructed a SHF down converter under the image
short condition with a Schottky-barrier mixer diode and a
planar circuit mounted in a waveguide.

The construction of this newly developed SHF down
converter is shown in Fig. 1. In Fig. 1, the band rejection
filter for the local oscillator’s frequency is abridged because
the value of the external Q of this filter is extremely high,
and the filter has no effect at the signal or image frequency
bands. D in the figure indicates a Schottkey-barrier mixer
diode; L, a band rejection filter for the image frequency
band; C a capacitive matching strip for the signal frequency
band; 7 an open-ended ridged guide transformer; P a
bandpass filter for the local oscillator frequency; R a
X-band rejection filter; M an IF matching circuit; 4 an IF
preamplifier; and PCMW a planar circuit mounted in a
waveguide. Additionally, §,-6, and Z,-Z, indicate the
electrical length and the characteristic admittance of the
each transmission line.

The functions of several external circuits mentioned
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Fig. 1. Construction of SHF down converter.
above are explained more precisely in Section IV.

The equivalent circuit of the SHF down converter shown
in Fig. 1 is obtained in the next section.

111. EQUIVALENT CIRCUIT AND NOISE ANALYSIS OF

SHF DownN CONVERTER

A. Egquivalent Circuit

The equivalent circuit of the SHF down converter with
consideration of the frequency performance of the external
circuits at the signal, image, and intermediate frequency
bands is shown in Fig, 2(a). The semiconductor portion of
a mixer diode takes an equivalent circuit {5], [13], [15] in
which g and C, are connected in parallel at terminal s’, i/,

and m’ as shown in Fig. 2(b). Many of the notations in Flg '

2 are found in the nomenclature.

This proposed analysis has been made considering all
frequency performances at every port (signal, image, and
IF) correlatively as shown in Fig. 2(a).

B. Noise Analysis

The relation between current and voltage of a mixer
diode is expressed by (1). When the pumping voltage
Vo +V,cos ¥ is impressed on the diode, g and C, vary with

{Signal)
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Fig. 2. Equivalent circuit of SHF down converter. (a). Equivalent circuit
of SHF down converter. (b) Equivalent circuit of semiconductor’s part
of mixer diode.

Loading y,, at terminal m’ (— I,,= y, V), the relation
shown in (4) can be obtained. y,, is a function of the load
reactance jX, at terminal m as shown in (4). jX, is ex-
pressed by several circuit parameters shown in Fig. 2(a)

n X f, frequencies (n is an integer and f, is a pumping I Y, Y, [w
frequency), and their Fourier expanded components are | |5y vl v
glVCIl by (2) i s (23 1
i:io(eau_l) (1) y = o (g2p+.]wsc2p)(g?p_‘]wmc2p)
. . 35 g() + ym*
gnp—a'ZO'In(aVl) + e )( . C)
_C rn cosnf Y. =g + jwC, — (gz,, J@sap gf” SO
Cip = 2_/ 2) oo o &t
‘ 7o 1= (Vy+V,cos8)/V, o
. . . _ . (gZP_jme2p)(gp+JwiCp)
where I is the modified Bessel function; C is the junction =g, 1t Jjw,C,— g0+ 0
capacitance with zero bias voltage; V, is the junction "
voltage; a, i, is the proportional constant. Y — o (g, + jo,C,) (8, — jouC,)
Using Fourier expanded components of g, »» C,, and the i~ 80 8o+ V¥
signal (o), IF (©, =0, —w,) and image (®, = 2w, — ;) /X 4+ e C
angular frequencies, the relauon between each of the cur- Vi = jw,Co+ - J 1/ = .J One -
rents and voltages of Fig. 2(a) and (b) are expressed by (3), 1+(R, + jw,L) (= j-1/X,+ JjouCe)
where the asterisk (*) indicates the complex conjugate
I; s; s/2 &o gp g2p V;, 0 jwscp jwsc2p V;l
=l Li |+| 12 |=| & & & T+ JeG, 0 Jw;C, v (3)
I;n* Imi* Im,2* gZp gp &o Vr,n* . - j@mc?,p - jwmcp 0 Vr:t*
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and

. B ) 1 U1~tan02m+22m 1
JXm—ZFm+J'1/( Zy Zy-tand,, —U, - Zim L1

1
U =1
/( Lﬂl ile)
U=x 47 Bt tant,,
27 Lm 3m ZBm—-U3~tan03m

1
Xipp + 2y, tanby,,

%:XLm_l/(ch_ (4)

Using the mismatching load admittances y;, and y,, at
terminal 5" and ¢ in (4), (5) can be obtained

’ I; 7 Y;/l I/l/s ’ Ii, / }I.S‘/l)/l;
= — —_ y = e T —— e R
o I/SI SS Y/ + yla ~ V:, . }/;/s + ysa

(5)
y., and y/, in (5) can be expressed by (6) by using several
circuit parameters shown in Fig. 2(a)
_
« 1 JjeC,
Zy,tjVitanby, 1
ZZs Vl + .]Z2stan 025 / le cot gls

3
nV,

Vi+ jZ,, tanb;,
S Zy, T jVi-tand,

y;a:jwsC0+1/(RS+jwsL+

—1/{ZFS+1/(

v

Vo= iXi,+ 2y,

. . 1
Vé*]XLs+1/(JBcs+ ZO+JXLS)

. . 1
ytu—“]wtCO—’_l/(Rs—’—]th—*_ym_i_jwlcc)
Z+ jW,-tanb, 1
Z. Wit jZgtand, "I Z, @0
(6)

1 1
o= 2. ] — j —
4 1/{n, (]wlLs-i" 5 )}+]Z7 tan .

Many circuit parameters in (4) and (6) will be given in
Sections IV and VI.

In the case of the conjugate matching at terminal 5" and
U (¥, =»* y,=y*), analysis of the input and output
matching admittances, the conversion loss, and the noise
figure with consideration of arbitrary image impedances
and the effects of C has already been accomplished [5],
[15] at a fixed frequency (signal frequency, f, =12.075
GHz; intermediate frequency, £, = 380 MHz). In this analy-
sis [5], [15] the approximation of w, < w,, w,, has been used,
and the down-converter action of C circuit shown in Fig.
2(b) has been neglected.

The present paper describes the frequency performance
of this down converter with consideration of the external

Yia = 1/{Jw,L + 1/(
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Fig. 3. Power flow of shot noise with considering down converter action

of C,

circuit frequency performance and the mismatching effect
between the converter and the IF amplifier. In this analy-
sis, the signal frequency band is 11.7-12.2 GHz and the IF
band is 0.96-1.46 GHz. Therefore the approximation of
w, < w,, w,, cannot be used, and the down-converter action
of C circuit cannot be neglected. The power flow of the
shot noise is shown in Fig. 3. In Fig. 3, N, is the shot noise
power supplied to the outward admittance at the signal
port of g circuit, N, is that at the IF port, and N, is that at
the image port, respectively.

The conversion loss L, between terminal s and / in Fig.
2(a) can be obtained as shown in (7) by using the relations
of (3)-(6).

LL = Lsin'Ll Li LZ

;o Lt
Ag gl
R, | jo,Cot vl
L‘:I‘f“ 3 |]w5 ’O ysxl
8sx
N L S
lysx ss|2 8ia
Vi — J9,C :
— B 1a 10
L2 1+RS 1~Rsyz/a+jw1C0Rs

yzla B jwlCO
Rsyz/a + jwiCOR

el 5w 0

where Re signifies the real part of the complex function.
The values of y7,, /., and y,, can also be calculated by (5)
and (6).

The concept of the noise temperature ratio is also useful
for analyzing the noise performance of the SHF down
converter. It 1s necessary to clarify the definition of the
noise temperature ratio of the down converter. The noise
power absorbed in the IF output load which is generated in
the down converter itself, including the shot noise and the
thermal noise, is defined as N,. The maximum thermal
noise power absorbed in the IF output load per ! Hz is
kT,, where k is a Boltzman constant, and all circuits are
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kept in Ty [K]. The noise temperature ratio ¢ is then de-
fined as shown in (8)
1 N

t:z:—’_kTO' (8)

In order to consider the relation between conversion loss
and noise performance, it is first necessary to obtain the
noise-temperature ratio corresponding to the thermal noise
generated at R, in each terminal. The noise-temperature
ratios corresponding to the thermal noise generated at R,
in a signal, IF and image circuit are defined as ¢, ¢,,,, and
?,m»> Tespectively. The values of ¢, and ¢, can be obtained
by (9) and (10), which are deduced from (8) and Fig. 2(a)

1 1
=z (1) g
1
t,=1——. 10
al L2 ( )

The equivalent noise voltage per hertz induced by R,
which is kept in T;[K] at the image circuit is defined as
e, ( =y4kT, R ). The noise voltage V, at terminal m’ caused
by e,, can be then obtained as shown in (11)

o 2 C
Y T Vm
The relation between ¥, and V/ is as shown in (12)
Vi=A4,,.Vr (12)

where 4, is that given in (A4). Therefore ¢, can be
obtained as shown in (13) by using (11) and (12)

2

= . M . 2. ’.-1_
tum 4Rs yr,n+ yr/n, |A1ml g, LZ . (13)

In (13), the value of y; must be calculated by (4), and y,,
can be obtained by (14)

=gy +(g, + jw,C,) A%, +(g,, + jw,Co, )AL,
(14)
where 4, also is given by (A4).
Next it is necessary to obtain the shot noise generated in
a g circuit of Fig. 2(b). Then the noise-temperature ratio ¢/,
corresponding to the shot noise generated in the g circuit
can be obtained as shown in (15), where B,, B,. and B,, are
given by (A7), (A9), and (A10), and 4,— A, can be ob-
tained by (A13) and (Al4), and n =19.5 /a. The derivation
of ¢, is explained in detail in the Appendix

’ :ngz/a |Bl|'lyzlll|2
“ L, 8
2 , 2
A AP IBIDLLE Ay A
Y o Vi 2y Yo Y
B |- |y.l? | 4s A
+| ml l|yml| . _/5__/6‘ (15)
8m1 Y Y

By using (7), (9), (10), (13), and (15), the total noise-tem-
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perature ratio ¢ can be obtained as shown in (16)

1
t:——L LI Rl PP e b S o S
[4

(16)

In the case of connecting a mismatched IF preamplifier
at the IF port of the down converter, the total noise figure
F can be expressed by (17), where L_ and ¢ are given by (7)
and (16), respectively, and the noise figure of the IF
preamplifier F; is given by Fig. 11, and |I'| is the absolute
value of the reflection coefficient at the IF port

F;—1 )

1—-|T)2 (17)

FZLL(tJr

IV. FREQUENCY PERFORMANCE OF EXTERNAL
CIRCUITS

The frequency performance of the following external
circuits must be obtained for the noise analysis described
in Section III and the Appendix.

A. Capacitive Strip

The capacitive strip C and its equivalent circuit [17] are
shown in Fig. 4. In Fig. 4, the solid line means the series
inductive reactance X; normalized by the input or output
impedance. The dotted line is the shunt capacitive reac-
tance X(= —1/B,).

This capacitive strip is useful for impedance matching in
the signal frequency band by adjusting the value of S and
its location in the waveguide.

B. Open-Ended Ridged Guide Transformer

The open-ended ridged guide transformer 7 and its
equivalent circuit have been shown in [17, fig. 7]. In its
figure X signifies the series inductive reactance normalized
by the input or output impedance, B, the shunt capacitive
susceptance, and » the transformer ratio.

It is possible to select the proper value of n by adjusting
the value of a gap S. The proper values of n and §;, then
broaden the frequency characteristic of the noise figure.

C. Short-Ended Ridged Guide

The effective length /_, between an arbitrary point P and
the short-circuit point of the short-ended ridged guide is
larger than the actual length / with the relation of (18) [17]

Ly =1+ Al (18)

The measured values of A/ have been shown in [17, fig. 4].
The dotted line near the short-circuit point of the short-
ended ridged guide in Fig. 1 corresponds to this length A/.

In order to maintain optimum image conditions, the
value of /. must be selected to be about a half-wavelength
at the image frequency.

D. Image Rejection Filter

The image rejection filter L, and its performance are
shown in Fig. 5. In Fig. 5, the image suppression of this
filter is greater than 32 dB at the frequency band used.
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Image suppression of image rejection filter,

And the total image suppression of the down converter
including the effect of this filter and other external circuits
is greater than 40 dB at this frequency band. The left ward
impedance viewed from point P; in Fig. 1 at the image
frequency band is assumed short, as shown in Fig. 2(a).
The VSWR of this filter at the signal frequency band is less
than 1.1. Therefore it can be assumed that this filter has no
effect approximately at the signal frequency band.

E. X-Band Rejection Filter

The X-band rejection triplate type filter R and its imped-
ance characteristics are shown in Fig. 6. In Fig. 6, the solid
line shows the measured value and the dotted line the
theoretical value. The backward impedances Z,, and Z,,
appeared in Fig. 2(a) can thus be obtained from this
impedance characteristic.

This filter suppresses the power in the signal, image, and
local frequencies by more than 25 dB, and passes only the
IF power.

F. IF Coupling Inductance at Waveguide

The measured value of the coupling inductive impedance
wl ,, expressing an exponentially decayed IF component in
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Fig. 7. IF coupling inductive impedance at waveguide,

a waveguide is shown in Fig. 7. The value of L, can be
obtained as approximately 1.8 nH.

V. DEsioN oF SHF DowN CONVERTER

In order to design the SHF down converter, several
external circuits must be selected, first to make the image
impedance low and capacitive. Secondly, the matching
condition at terminal s when connecting a mismatched IF
preamplifier at the IF port must be examined. Finally the
noise analysis must be made considering the frequency
performance of every external circuit. The outline of this
design is described below.

A. Image Impedance

After adjusting several external circuits (8,,, Z,,,, 0,,,
Z,,.» and Z, ) by using the results shown in Figs. 4, 5, and
6 and reference [17], the image impedance j X, decided by
the frequency performance of the external circuits can then
be obtained by (4) as shown in Fig. 8. In Fig. 8, the value
of the operating image reactance X, is —36 to —13 ©. The
result shows operation at a low capacitive impedance near
a short-circuit. The optimum image condition described in
Section I can therefore be ensured. And then the normal-
ized intrinsic image admittance y,, is shown in Fig. 9. These
values show low impedances almost near a short circuit,
and the small real part is due to a series resistance R .
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Fig. 8. Frequency performance of image impedance.

ADMITTANCE COORDINATE

Fig. 9. Frequency performance of normatized input admittance j, of IF
amplifier and normalized intrinsic image admittance y, (normalized by
20 mY).

B.. Input Admittance of IF Amplifier

The frequency performance of the normalized input
admittance y, of an IF preamplifier whose first stage is
constructed with a field effect transistor is shown in Fig. 9.
These measured values are normalized by 20 m®. The
values of VSWR of this amplifier are less than 5.

C. Input and Quiward Admittances at Terminal s

In the case where connecting the input admittance y, of
IF preamplifier at the IF port and the given external circuit

at the image port as shown in Fig. 2(a), the value of the

outward admittance y,, can be calculated by (6). y;, sig-
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ADMITTANCE COORDINATE

X
S
e

* Fig. 10. Normalized input admittance y,, and conjugate normalized

outward admittance y}}, at terminal s in signal frequency band (normal-
ized by characteristic admittance of ridged guide).

nifies the outward admittance normalized by the character-
istic admittance of a ridged guide.

The input admittance y,, at terminal s can be calculated
by using (19), (5), and (6)

(19)

. , 1
=Jjol. +1/I R + ]wsL‘-!— T ey )
Many circuits parameters in these equations are obtained
in Sections IV and VI. :

The frequency performance of the normalized input
admittance y,, of the SHF down converter and the con-
jugate normalized outward admittance y* at terminal s are
shown in Fig. 10. y,, and j* show a rather good match in
the signal frequency band (11.7-12.2 GHz). R

The values of VSWR at the IF port are less than 5 as
shown in Fig. 9, and these values are reduced to less than
2.5 at the signal port, caused by the conversion loss (ap-
proximately 3 dB). ’

D. Noise Fi gufe

The theoretical value of the total noise figure F of the
SHF ‘down converter can be obtained using (17). The
details of this calculation are explained in Section III-B
and the Appendix. The results are shown in the following
section.

V1. FREQUENCY PERFORMANCE OF NOISE FIGURE

The theoretical and measured values of the total noise
figure of the SHF down converter with IF preamplifier
connected 'are shown in Fig. 11. The measured values of
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Fig. 11. Noise performance of SHF down converter.

the noise figure of the IF preamplifier are shown in Fig. 11.
The calculation is performed by using the following
numerical values for the diode’s constants in (7), (9), (10),
(13), (15), (16), and (17) and Fig. 2: a=234.7, i, =2X 10~ "
A; C=0.07 pF; €,=0.13 pF; V,=08 V; R,=15
L=04nH; L, =18 nH; L,;=7 nH; and n,=1.1. It is
necessary to use the results shown in Figs. 3-10 for this
calculation.

In Fig. 11, the theoretical value of the total noise figure
is 3.2-3.6 dB; the experimental value is 3.3-3.7 dB. These
results can be regarded as a good agreement and within the
margin of observational error of the noise measurement.

VII.

The frequency performance of the noise figure of the
SHF down converter made by a planar circuit mounted in
a waveguide has been obtained. The theoretical and experi-
mental values of this frequency performance were found to
agree well. It has also been confirmed that the optimum
image impedance is a short circuit if the down converter is
to have a wide frequency band and low-noise characteris-
tics.

It has been made clear how mismatching between the
down converter and the IF preamplifier affects the noise
performance and the input matching condition. Addition-
ally, in order to achieve a smaller value of the total noise
figure over a wide frequency band, the value of the input
VSWR of the IF preamplifier must be reduced without
increasing the value of its noise figure F.

For example, assuming the input VSWR of this IF
preamplifier decreased less than 2.5 (half of the present
value) without deteriorating its noise performance, this
present analysis predicts that the total noise figure F would
be reduced to 2.7 to 3.1 dB in the same frequency band
shown in Fig. 11. Therefore the development of a low-noise
IF preamplifer having a low-input VSWR characteristic
will become an important subject for research.

And the analysis including the effect of local oscillator
harmonics is also an important subject for research. In
connection with this, the research will be continued by
using the Held and Kerr’s theoretical method [11] in the
future.

CONCLUSION
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APPENDIX

DERIVATION OF NOISE TEMPERATURE RATIO
CORRESPONDING TO SHOT NOISE 7/,

In order to analyze the behavior of the shot noise, y;),
Yo Ys Y Yyans and ., must be obtained.

The values of y;; and y;,, with loaded y/, at terminal i’
and with y, at terminal m’ can be obtained as shown in
(A2) by substituting (Al) into (3)

I'=—=yJ7  L,=—y.V, (A1)
V1= 80T 8y AT 82pAims

5= Jjo(CA, +CLd,,)

Y= Vet V02

=(g, T jw.C, )(gzp~go‘y’*~jwmczp)/f11
A,,={(g, +jvC,)(g, ~ jo,C,)
“(gz,,~jw,,,Czp)(go+y,’a)}/H1
H,= (80+)’zla)(go+}’m*

—(gp~]w Cp)(gp+jw,Cp). (A2)

Similarly, the values of y; and )}, with loaded. y/, at
terminal s” and with y/, at terminal m’, and the values of
Yo and y,, with Joaded y/, at terminal s’ and with y/, at
terminal i are given as shown in (A3) and (A4)

yzll = gO + gp(Asz + Amz)

y1/2 = jwch(Asz + Amz)

yz,ll = yzla + yzl

An: { )(g2p+jwsc2p)
(g,, + je,C, ) (8o + ) } /H,y
A {(gp+Jw )(gZp_jmeZp)

—(g, = j9.C, ) go + ¥0,) )} /Hy
Hy = (go+ y/ )8+ yi)

—(gzp"‘jwmczp)(gzp+fwsC2p) (A3)
Y1 =80 T 8, A%, + 8 ,A4%,
It = YT Vot = Yuh
A, ={(8, + j0,G)(g, + joG,)
(82, F J0.Cop )80+ )} / Hy
A= (gp + J"",Cp)(gzp —8 VT jwsCZp)/H3
Hy=(go+ yiu)(go+ 5)
— (8, +jw,C,)(g, T jeC,). (A4)

The shot noise currents I,,, I,,, and I, appearing at
terminal i, s;, and m of the g circuit in Fig. 2(b) will then

be obtained. The conversion loss L;, and L, are given in
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(AS):
2 ’
L;ﬂ:__| e — Es1
Iysl-.ygssml &
;o= | gmtl %
o lyml mmsl2 g’,”
Yész_ gts:gp*gngp/(gO_i_yr/nﬂi)
Ygssm — 8~ g22p/(g0 + ymﬂ;
Yg/nu: gim gp gngP/(gO_'_ys‘,ll)

ngms:go_gZp/(gO—*—ys/ll)' (A35)

The mismatching loss L
in (A6):

sl ‘Lml,mq and Lzl,out are given

’ 2
_ |ysll+ysl|
l,m ’ 7
* 48118
’ 2
— iyml +ym1|
mlan 4g’/n1g:’;l
’ ’ 2
_ lyll + yzl/l
11,out r ot
4gllglll

L

(A6)

The available noise power supplied to g/}, from y/,, which
is kept in nkT [K] (n=195/a) [18] is given as
nkT, /(Ly w Lg,,)- That supplied to g, from y,,, kept in
nkTo[ K] is given as nkTj, /(L,, . g,m) The total avail-
able noise power supplied to gj;, from !, y,,;. and the g
circuit itself which is kept in nkT,[K] is given as
nkT, /L, .. Therefore the noise power supplied to g,
generated in the g circuit only can be defined as N, as
shown in (A7) and Fig. 3.

N,=nkT,B,
1 1 1
Bl = - ’ - ’ A7
Ltl.out le n Lgsz Lml n Lgmz ( )
The shot noise current 7, , is given by (A8) [5],[15]
N
Im:yllll' - (AS)
81

Similarly, the shot noise current I, and I, are shown in

(A9) and (A10), respectively

ns Ysu ’
851
N, = nkT,B,
o 1 1 1
C - T ’
le,out Lzl n Lng Lml.in Lgms
2 ’
;L | g1s| &
gis _ 2 !
Iytl gttml 8sis

867
L = | gms|2 g;,,'l
gms u* gmml|2 gs”
L. . :|y1/11+y1/1|2
hin 48018
L :ly;l+y;11|2
out 48181
Yeum =808, /(8T ¥l
Yg/sm— gms g”p g;/(g0+yz/1l)
Yémml_Ygsst - O#gpz/(g0+yz/11) (Ag)
N
o= Yoy 22
nm Y 1 gm1
N, =nkTyB,,
1 1 1
B, = - T 7
" Lml,out s] n Lgsm Lll n Lglm
A A S
e |ysl gsstiz g'lnl
Ll g
gm T [y 12 ol
| vzl Ygu:l Em
L Iyml +
mlout = mlgml
Yéus:go—'g;/(go—kys/l[)' (AIO)
Next it must be considered how Im, I, and I, reach

Re (y/,) at the IF output terminal " in Fig. 2(b). Many
kinds of current transfer functions « are defined as follows.
For example, a,,, is the transfer function from terminal s’
to i’ of g circuit, and is expressed as (A12) by using (A11).

1=y, Vv.+Y VI

gis gum

Ih=—yuV/ I = yavy (A11)

agsx: _11,1/151— gzs 1[/{ysl(vtll+anm)}
(A12)
SimﬂarlY’ agsm = -1, 1/ agms( = Il/ L

agmz( = It/l/I, ) ag;s( sl/Iz,l)’ agtm( = -1, 1/11,1
aLSl = - I/ /I aCSm( = - I/* /I’ acms( =
—1,2/11 2) acmt 2/ 2)’ aczs 2/ 2) and
a,,.(= — 1'% /I';) can also be obtained.

Other current transfer functions 8 are defined as follows.
For example, B, is that from terminal ij to 5, and
Btgc = yi/2/yz/11' SlInﬂarl}” Bsgc ys’ /ysll’ mge yr:'z,2/yr;117
IBicg = yi,l /yz/2lﬂ Bscg = y;l /ys,Zl‘ and Bmcg yml/yr:tl'

And as mentioned in Section I11-B, the approximation of
w, € w,, w, cannot be used. Therefore all passes shown in
Fig. 3 must be considered, as the down-converter action of
C circuit can not be neglected.

Using several kinds of « and 8, the relation given by
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(A13) can be obtained, where I,

i

The total output shot noise current I,, appearing at
terminal {* can be derived from (A13) as shown in (Al4)

=S5y 1 8ap
2!

io r “ilo ’
in i

A A A A
—g (2o (2L,
Y Yo Yiu i

(o)

Y o Ya) ™" (AM)
In (A14), A,- A, are functions of several kinds of current
transfer functions « and B, and can be calculated from
(A13) and (A14). 1, I,,, and I, are not coherent with
one another. Therefore the shot noise power supplied to g/
at terminal i’ can be expressed by the sum of the values
computed separately.

Therefore ¢, is obtained by (15), and then ¢ and F are
given by (16) and (17).
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