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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

YOZ() UTSUMI, MEMBER, IEEE

,41Mtrvrct —Tfds paper presents an analysis of a superhigh frequency

(SXfF) down converter usiug a Schottky-barrier mixer diode and a planar

circuit mounted in a wavegoide. The analysis assumes that the mixer diode

consists of a nonlinear conductance g, a junction capacitance Cj, an ohmic

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 anafysis afso 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
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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 coudition (the image impedance takes

a low vafue, 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 totaf noise figure is 3.3-3.7 dB. The noise

figore is in good agreement with the value (3.2-3.6 rfB) obtained from this

analysis.

NOMENCLATURE

g Schottky junction nonlinear conduc-

tance of mixer diode.

q. Schottky junction capacitance of

mixer diode.

go gp $3Zp Fourier expanded components of g.
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LW

Z.

Xm

YL

-zF$(-zFm)

els(41m)-f33s(~3m)
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Fourier expanded components of ~.

Series ohmic spreading resistance of

mixer diode.

Case capacitance of mixer diode.

Lead wire inductance plus conver-

gence inductance of mixer diode

(from electrode to lead wire).

Equivalent circuit element, series re-

actance for capacitive matching strip

C at signal (image) frequency.

Equivalent circuit element, shunt

susceptance for capacitive matching

strip C at signal (image) frequency.

Equivalent circuit element, series re-

actance for open-ended ridged guide

transformer T at signal (image)

frequency.

Equivalent circuit element, shunt

susceptance for ‘open-ended ridged

guide transformer Tat signal (image)

frequency.

Equivalent circuit element, trans-

former ratio for open-ended ridged

guide transformer Tat signal (image)

frequency.

Equivalent circuit element, series in-

ductance for IF matching circuit ikf.

Equivalent circuit element, trans-

former ratio for IF matching circuit

M.

Coupling inductance expressing ex-

ponentially decayed IF component

in waveguide.

Characteristic impedance of wave-

guide.

Backward image reactance at termi-

nal m.

Intrinsic image admittance at termi-

nal m’.

Backward impedance of X-band re-

jection filter R viewed from mixer

diode at signal (image) frequency.

Electrical length of each transmis-

L,

L2

L,in

t

tu,

t urn

t’u<

F

Fi~

N,, Ni, N~

sion line at signal (image) frequency:

Zls(zlm) - -Z3,(z3m) 1~3, 1~,, 1~~

(z4m) Characteristic impedance of each

transmission line at signal (image) 1$10,Ii IO, 1~10

frequency.

95- (37 Electrical length of each arm of X-

band rejection filter R at inter-

mediate frequency. z ,20,1,20, 1~20

Z5-z, Characteristic impedance of each

arm of X-band rejection filter R at

intermediate frequency.

Ysx! Y;;> Y,a> z 10

Y,’u>Y; Input admittance at terminal s, s’, i,
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i’, and m’.

Real part of y;u, y~X, and y;a.

Outward admittance viewed from

terminals, s’, i, and i’.

Input admittance at terminal s~, sj,

ii, ii, m;, and m;.

Real part of y~l and y~l.

Outward admittance viewed from

terminal s{, s;, i;, i;, m{, and m;.

Real part of y,;, and y~l.

Voltage at terminal s’, i’, and m’.

Current flowing into terminal s’, i’,

and m’.

Current flowing into terminal s~, sj,

i;, i;, 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’- 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 gjll, g~ll, and g~l

Shot, noise current supplied from g
circuit to y~ll, y,~l, and Y; 1.

Output shot noise current at termi-

nals s;, i;, and m; of g circuit which

originate from shot noise power ~,

N,, and N~.

Output shot noise current at termi-
nal s;, i;, and m; of C circuit which

originate from shot noise power N,,

N., and N~.

Total output shot noise current at

terminal i’.
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L’,gs [ Conversion loss (s; + i; ) with loaded

y;, at terminal mj.

L’gls Conversion loss (i; + s{) with loaded

y~,l at terminal m;.

L’gsm Conversion loss (s{ - m ~) with
loaded y,’,, at terminal i{.

L’gnls Conversion loss (m ~ + $~) with

loaded y,’l[ at terminal ii.

L’glm Conversion loss (i( + m;) with

loaded -v,’l, at terminal sj.

L’gnzl Conversion loss (m; + i;) with

loaded y~l, at terminal s~.

L sl, m Input mismatching loss at terminal

s;.

L fl, m Input mismatching loss at terminal

ii.

L nzl, m Input mismatching loss at terminal

m;.

L
$1, out

Output mismatching loss at terminal

s;.

L
11, out

Output mismatching loss at terminal

1;.

L nil, out Output mismatching loss at terminal

m;.

@ P Current transfer function.

I. INTRODUCTION

T 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-

trarily image impedances and the effect of a junction capa-

citance Cj [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, i.e., 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 ~ is sufficiently

small compared with the signal or image frequency ~ or ~~

is not used, and the down converter action of CJ 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 %hottkey-barrier mixer

diode; L., a band rejection filter for the image frequency

band; C a capacitive matching strip for the signal frequency

band; T 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; A an IF

preamplifier; and PCMW a planar circuit mounted @ a

waveguide. Additionally, 01– 67 and 21 – 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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M b A

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 DOWN CONVERTER

A. Equivalent 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 Cj are connected in parallel at terminals’, i’,

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

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+ VI cos 19is impressed on the diode, g and Cj vary with

n X ~ frequencies (n is an integer and ~ is a pumping

frequency), and their Fourier expanded components are

given by (2)

j=iO(eaO–l) (1)

gnp=a. io”ln(av,)

Cnp = Ay” cos n 0

2Z’ ()
de (2)

/l–(vo+v, cose)/v@

where I. is the modified Bessel function; C is the junction

capacitance with zero bias voltage; V+ is the junction

voltage; rr, i. is the proportional constant.

Using Fourier expanded components of g.P, C.P ahd the

signal (co.), IF (coi = or, – COP)and image (co~ = 2@p — o,)

angular frequencies, the relation between each of the cur-

rents and voltages of Fig. 2(a) and (b) are expressed by (3),

where the asterisk (*) indicates the complex conjugate

(s),”,1)

x,, XL, 63s 1., 8,$

8,s

g

(a)

(b)

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’ (– Ii = 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)

[:1=[221”EI
~,= ~._ (b’2p + W2AP - J’+&)

Ss
go+ X*

(g2, + @w2,)(g2, - kc,)
Y:i = gp + jti$Cp –

go+ Y;*

~,= gp + juiCp –
(g2p - .@mc2p)(gp+ j~icp)

go+ Y:

yi=g~–
(g,+ @iqJgp -M&)

go+ Y:
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and

(

U, .tan07~ + Zz~
jX. =Z~m+j”l/ ++Z .tan~ _u ‘Z1—-cot elm

2m 2m 1 Im )

‘4B’+d
U3 + Z3~.tan03~

U2 = X:ti, + Z3M.
Z3m – Uq.tan03~

UJ = x~m
(

1

j
‘1/ ‘Cni – x~~ + Zd,~.tan6’ “

4m

Using the mismatching load admittances y~a

terminal s’ and i’ in (4), (5) can be obtained

I’ Y;, ~,
L=y;$_

~_

.x, = Jf
Y, + .?&

Y,(Y = y
–yz–

(5)

YL and YL in (5) can be expressed by (6) by using several
circuit parameters shown in Fig. 2(a)

( 1
V3 = jX~, + 1/ jB,, +

ZO + IXLS )

(
y;== j~,co +1/ R, +jW,L+ ~za+}O,C,

c )

~ ~.—+–——
/ /

~ ~ I

)
i

---–+––+-
Y-’

, L–+... -––+-–J
1 1
L...+–-–.

c
-–-+–-–-J

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
o, <<a,, On 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 Nn is that at

the image port, respectively.
The conversion loss Lc between terminal s and i in Fig.

2(a) can be obtained as shown in (7) by using the relations

of (3)-(6).

L = lYi’a+YL12
m 4L” &

(6)

Many circuit parameters in (4) and (6) will be given in

Sections IV and VI.

In the case of the conjugate matching at terminal .s’ and

i’ ( y~a = Y;*, y~a = 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, L = 12.075

GHz; intermediate frequency, ~ = 380 MHz). In this analy-

sis [5], [15] the approximation of u, <<u,, tin 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

where Re signifies the real part of the complex function.

The values of y:a, J;y, 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 is 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 1 Hz is

kTo, where k is a Boltzman constant, and all circuits are



863UTSUMI: IMAGE RECOVERY DOWN-CONVERTER

kept in TOIK ]. The noise temperature

fined as shown in (8)

ratio t is then de-

(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 t~,,t~2,and

tam,respectively. The values of tatand ta2can be obtained

by (9) and (10), which are deduced from (8) and Fig. 2(a)

1

‘a’ = L:,L2–( )
1–+

1

t.2=1–+.
2

(9)

(lo)

The equivalent noise voltage per hertz induced by R,

which is kept in TO[ K ] at the image circuit is defined as

enl( = ~m). The noise voltage v~, at terminal m’ caused

by em can be then obtained as shownin(11)

pv, = Ml– jtimCo
“mmc

Y;, +Y{
(11)

The relation between V; and ~ is as shown in (12)

y = A,mv; (12)

where A,m is that given in (A4). Therefore tam can be

obtained as shown in (13) by using (11) and (12)

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

can be obtained by (14)

Y:= go+ (gp + @mcp)% + (g’p + ~%c’p)%?!

(14)

where A,~ 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 t:c

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 (A1O), and Al – A6 can be ob-

tained by (A 13) and (A 14), and n = 19.5/a. The derivation

of t~<is explained in detail in the Appendix

(rzg;d IB1101Y;,,12
t;, = —

L2 g:l /

Al A2 2 + 1%1’IYS’1[12. 43_fA2. —— —
Y,’}/ Y;2[ du Yt’u YZ’21

)

+l%l”l YA112. 5–* 2.
g; 1 Yi’1[ Y,’2[

(15)

By using (7), (9), (10), (13), and (15), the total noise-tem-

perature ratio tcan be obtained as shown in (16)

t=$+tal+t.2+tam + t;,. (16)
c

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 LC and tare given by (7)
and (16), respectively, and the noise figure of the IF

preamplifier Fi~ is given by Fig. 11, and Ir I is the absolute

value of the reflection coefficient at the IF port

‘=L(t+l%J
IV. FREQUENCY PERFORMANCE OF EXTERNAL

CIRCUITS

(17)

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 XL normalized by the input or output

impedance. The dotted line is the shunt capacitive reac-

tance XC( = – 1/BC).

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 T and its

equivalent circuit have been shown in [17, fig. 7]. In its

figure Xi signifies the series inductive reactance normalized

by the input or output impedance, B: the shunt capacitive

susceptance, and n 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 83, then

broaden the frequency characteristic of the noise figure.

C. Short-Ended Ridged Guide

The effective length leff between an arbitrary point P and

the short-circuit point of the short-ended ridged guide is

larger than the actual length 1 with the relationof(18) [17]

1,~~= 1+ Al. (18)

The measured values of Al have been shown in [17, fig. 4].

The dotted line near the short-circuit point of the short-

ened ridged guide in Fig. 1 corresponds to this length A 1.

In order to maintain optimum image conditions, the

value of leff 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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Fig. 6, X-band rejection triplate type falter and its impedance character-
istic.

Fig. 4. Capacitive strip and its equwalent circuit.
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Fig. 5. 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 Rq”ection 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

C.JL~ expressing an exponentially decayed IF component in

~loo 200 400 600800 1000 2000

fre~.,.,y [h4H21

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. DESIGN 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 terminals 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 (61~ Z,M, tJ4m,

Z4~, and ZF~ ) by using the results shown in Figs. 4, 5, and
6 and reference [17], the image impedance jXn 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 L?.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 j~ 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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ADMITTANCE COORDINATE

Fig. 8. Frequency performance of image impedance.

ADMITTANCE COORDINATE

Fig. 10. Normalized input admittance j,, and conjugate normalized

outward admittance j:. at terminals 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 ySXat terminals can be calculated

by using (19), (5), and (6)

Fig. 9. Frequency performance of normalized input admittance&of IF
amplifier and normalized intrinsic image admittance ~~, (normahzed by
20 mu).

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 mu. The

values of VSWR of this amplifier are less than 5.

C. Input and Outward Admittances at Terminals

In the case where connecting the input admittance ya 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 YS. can be calculated by (6). j,= sig-

Many circuits parameters in these equations are obtained

in Sections IV and VI.

The frequency performance of the normalized input

admittance -F,X of the SHF down converter and the con-

jugate normalized outward admittance j; at terminals are

shown in Fig. 10. j7,X and j& show a rather good match in

the signal frequency band (1 1.7– 12.2 GHz).

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 Figure

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.

VI. 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=34.7, io=2X 10-’3

A; C= O.07 pF; C<=0.13 pF; V4=0.8 V; R,=l.5 ~;

L=O.4 nH; LW=l.8 nH; L,=7 nH; and n,=l.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. CONCLUSION

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,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 preamplifier 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.

APPENDIX

DERIVATION OF NOISE TEMPERATURE RATIO

CORRESPONDING TO SHOT NOISE t:,

In order to analyze the behavior of the shot noise, y~l,

Yi’lf3 -J/l>Yt’ll+Yil > and .V;I mUSt be obtained.
The values of y~} and y~ll with loaded y,: at terminal i’

and with y~, at terminal m’ can be obtained as shown in

(A2) by substituting (AI) into (3)

L’= – Y;aV’ % = – Y; V;, (Al)

Y;l = go + gpfl$ + g2p4s

YS’2= A(q As + C2P4J

Ys’u = Y!’. + Y;2

A,, = (gp +@&)(g2p –go–Y:– ~%c2p)/fL

A,,,, = {(gp + @zcp)(gp – @.lcp)

-(g2p - @)?1c2p)(&I + YL)}/w

H,=(go+Y,i)(go+Y:)

-(g,-~~m~p)(gp+~~lc,). (A2)

Similarly, the values of y~, and y,~l with loaded y~a at

terminal s‘ and with y;, at terminal m’, and the values of

-vii and YAI with loaded Y:. at terminal S’ and with YL at
terminal i’ are given as shown in (A3) and (A4)

y,’, = go + gp(~,, + ~mt)

Y:2 = ~~lcp(~sl + ~mt)

Y,’l/ = Y,’a + YA

A,l = {(gp – JkMJ(&p + @J2p)

-(gP+~@$~.)(go +Y:)}/~2

Am, = { (gp + j~,cp)( g2p – @mc’2p )

-(gp-~@mcp)(go +Y;.)}/~,

H2=(go+Y;a)(go+Y; )

- (g2p - -@mC2p)(g2p + .@K2p) (A3)

Y;l = go + q~”lfl + Ihpf%

YLI = k + Y;– Y;l

A,m = {(g, +j~,q)(gp +Acp)

- (g2p + .@sc2p)(go + Y2’a)}/%

Z4,m = (gp + j~,cp )(gh - gO - -Xa + .kC2p)/~3

%=(&70 +Y;a)(go+Y;d)

‘(gp+j~rcp)(gp +j~$<,). (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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(A5):

ly:sll’ .*
L;,, =

lx, - xssml’ g’{

L;mz =
\Y:nt,y g“,

.J?!?-

IYL3- %wml’ g:l~
y:,, = q = gp – &g2p/(go + Y:)

Y’
gssm =go–dp/(go+YLt)

Y’,.,, = Yjm‘“q - &7g2p/(go + )4’1/)
Y’

gmms = go – dp/(go + Y:l/). (A5)

The mismatching loss L$l,ln, Ln,l,,n, and L, ~,Outare given

in (A6):

,,,n=l Ys’1/+Y;112
L,

4g:l/G

JYLI+YM2L,
Otinldl

L ,, ~ut= lYi+Y1’1/12
Og;lg;ll

(A6)

The available noise power supplied to g(l{ from y~l, which

is kept in nkTo[K] (n = 19.5/a) [18] is given as

‘k~O/(Ls!, m” L~sz ). That supplied to g~k, from y~l kept in

nkTo[ K ] IS given as nkTo /( Lml,in. L~ml ). The total avail-

able noise power supplied to g~l, from y(li, y:,, and the g

circuit itself which is kept in nkTo [ K ] is given as

nkTo /L, ,,Out. Therefore the noise power supplied to g(ll

generated in the g circuit only can be defined as N,, as
shown in (A7) and Fig. 3.

N,= nkToB,

B,.-!––
L L s,,,:”% - h:”% “

(A7)
11, out

The shot noise current IMr is given by (A8) [5], [15]

(A8)

Similarly, the shot noise current 1,1, and 1.., are shown in

(A9) and (A1O), respectively

N,= nkToB,

B,=-!–.
L

Yl, out L ,l.;”L~,s - ‘rnl,il”L~ms

L, =
IY;m$I2 . /%1

‘“” IY:?– %vml’ g:”

L,, in= 1X11+ x’11’

Oill “gl’1

,, out= Ix’1 +Y$’1/12
L,

4b?lil/

Y
g{rm =go–g;/(go+YLn

Y:,m = Y’ = g2p – g;/(go + )/,/)
gms

Y’
grnrn, = y:.,,, = go – g;/(go + Y(U) (A9)

r

N
Inm ‘Y;l >

4? I

Nm = nkToBnl

Y’gl[s = go – &?/(go + )41[). (A1O)

Next it must be considered how 1.,, I.,, and Inn, reach

Re (y(u) at the IF output terminal i’ in Fig. 2(b). Many

kinds of current transfer functions a are defined as follows.

For example, ag,, is the transfer function from terminals’

to i’ of g circuit, and is expressed as (Al 2) by using (Al 1).

a = – 1:1/1;1 = – Y; A’IJ{YS’1(.E’1[ + Y;llMgs1 )}

(A12)

Similarly, qg$~( = – 1~~ /ljl), agM,( = – l~i /1~1 ),

ag~,( = – 1;, /~fi), agi,( = –I;, /L’,), agz.,( = – 12 /L’,),
ac,l(= – ~1’z\~:2)> ~c$m( = – ~L*2/~:2)7 ~cwls( =

— 1;2/1’:’), acm,( = – L’2/~;2)$ ~c,s ( = – Z2 /L’2)! and

CYJ = – 1~2 /J’2) can also be obtained.
Other current transfer functions /3 are defined as follows.

For example, j3ig, is that from terminal ij to i:, and

B,.c = .#2/Y;ll- Similarly$ 6s.. = y{z /Y;113 Lg. = Y12/y;17

~i~g = Yi’1/Y~ZI* ~..g = Y~l/YS’ZI~and Pnzcg= Y;l /Y;z.
And as mentioned in Section III-B, the approximation of

0, <<0., Qw 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 a and /3, the relation given by
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(A13) can be obtained, where l~i, In,, and 1~~ are given by (A8)-(A1O)

1 0 0 - p,cgag,i o – p;cg(lgmi

o 1 - pxgcrlc,i o – X@%, o

0 – Bj.gagis 1 0 0 – /3&agm,

– &&i, o 0 1 – fl;gcacm, o

0 - /3icgagim o – &cgcYgJm 1 0

– pigcacim o - p,gccrc,m o

The total output shot noise current Iio appearing at

terminal i’ can be derived from (A 13) as shown in (A14)

~, =&I +&I,
‘0 Y,’l/ “0 Yi’2/ ’20

‘(%-%)”’4 (A14)

In (A14), A ~- A6 are functions of several kinds of current

transfer functions a and ~, and can be calculated from

(A13) and (A14). 1.,, I.,, and 1~~ 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 tjc is obtained by (15), and then t and F are

given by (16) and (17).

ACKNOWLEDGMENT

The author wishes to thank Dr. Y. Konishi, the Director

for Research at the NHK Technical Research Laboratories

for his guidance and many helpful discussions.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

REFERENCES

Y. Konisti, K. Uenakada, N. Yazawa, N. Hoshino, and T.
Takahashi, “Simplified 12-GHz low-noise converter with mounted
planar circuit in waveguide,” IEEE Trans. Microwave Theoty Tech.,

vol. MTT-22, pp. 451–454, Apr. 1974.
Y. Konishi, The Design of SHF Receioer for Broadcasting, Sanpo,
1974.
Y. Konishi, Y. Utsmni, and N. Hosbino, “ SHF low noise receiver
for satellite broadcasting, “ in 1976 Nat. Conv. Rec. Inst. Electron.
Commun. Eng. Japan, Optic and Electromagnetic Wave Division,
No. 150.
Y. Konishi, “ 12 GHz band FM receiver for satellite broadcasting,”
presented at IEEE Electron. Aerospace Syst. Conv., 19-4-EASCON
77, Sept. 1977.
Y. Konishi, “ 12 GHz band FM receiver for satellite broadcasting,”
IEEE Trans. Microwaoe Theoty Tech., vol. MT1-26, pp. 720-725,
Oct. 1978.
H. C. Torrey and C. A. Whitmer, Crystal Rectifiers, MTT Radiation
Lab. Series, vol. 15. New York: McGraw-Hill, 1948.
E. W. Herold, R. R. Bush, and W. R. Ferris, “Conversion loss of
diode mixers having image-frequency impedance,” Proc. IRE, vol.
33, pp. 603-609, Sept. 1945.

0 1

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

—

Iilo

Ii20

I
Slo

I S20

L%.

G20

—

In,

o
I ns

o
I;m

o

(A13)

P. D, Strum, “Some aspects of crystal mixer performance,’; Proc.

IRE, vol. 41, pp. 875-889, July 1953.

M. R. Barber, “Noise figure and conversion loss of the Schottky
barrier mixer diode,” IEEE Trans. Microwave Theoiy Tech., vol.
MT1-15, pp. 629-635, Nov. 1967.
C. S. Kim, “Tunnel-diode converter analysis,” IRE Tram. Electron
Devices, vol. ED-8, pp. 394-405, Sept. 1961.
D. N. Held and A, R, Kerr, “ Conversion loss and noise of microw-
ave and millimeter-wave mixers: Part 1—Theory,” IEEE Trans.

Microwaoe Theoty Tech., vol. MTT-26, pp. 49-55, Feb. 1978.
D, N. Held and A. R. Kerr, “Conversion loss and noise of microw-
ave and millimeter-wave mixers: Part 2—Experiment,” IEEE

Trans. Microwave Theory Tech., vol. MTT-26, pp. 55-61, Feb. 1978.
Y. Utsurni and Y. Konishi, “Anafysis of image recovery down
converter,” in 1977 Nat. Conv. Rec. Inst. Electron. Commun. Eng.
Japan, no. 680.
Y. Utsurni and Y. Kollishi, “Frequency performance of image
recovery down converter, “ in 1979 Nat, Conv, Rec. Inst. Electron.
Commun. Eng. Japan, no. 730,
Y. Utsurni and Y, Konishi, “Anafysis of image recovery down
converter,” Journal Inst. Television Eng. Japan, vol. 33, no. 3, pp.
216–221, Mar. 1979.
Y. Utsumi and Y. Korlishi, “Frequency performance of image
recovery down converter, “ in 1981 Nat, Conv. Rec. Inst. Electron.
Commun. Eng. Japan, no. 764.
Y. Konishi, “Planar circuit mounted in waveguide used as a down
converter,” IEEE Trans. Microwave Theory Tech., vol. MTT-26, pp.
716–719, Oct. 1978.
G. L, Ragan, A4icrowaue Transmission Circuits. New York:
McGraw Hill, p. 108.

*

Yozo Utsumi (M81) was born in Osaka, Japan,
on August 3, 1943. He received the B. Eng. and
the M. Eng. degrees from Osaka University
(Osaka Daigaku), Osaka, Japan, in 1966, and
1968, respectively.

He joined Nippon Hoso Kyokai (Japan Broad-
casting Corporation), Tokyo, in 1968. Since 1971
he has worked at their Technicaf Research
Laboratories, where he has been engaged in re-
search and development of VHF, UHF, and
Microwave circuits. and has been involved in the

analysis and design of the low noise receiver for satelfite broadcasting.
Mr. Utsumi is a member of IECE.J (Institute of Electrical Communica-

tion Engineering of Japan) and ITEJ (Institute of Television Engineering
of Japan),


