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A Study of the Noise-Temperature
Performance of a Satellite Communications

Low-Noise Amplifier Subsystem

MITSUGI KAJIKAWA

Abstract —The heart of the low-noise ampfifier (LNA) subsystem is the

parametric amplifier which consists of a parametric amplifier proper and a

circulator. The LNA subsystem can be simplified into an equivalent circuit,

to evahrate its noise-temperature performance by assuming that it consists

of a parametric amplifier proper and a circulator, which in its overafl sense

includes the addltionaf components of the input line as elements in one arm

of the circulator. Using this simplified equivalent circuit, the noise-temper-
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ature performance is anafyzed theoretically and provides a precise vafue for

the LNA subsystem noise-temperature degradation, the noise-temperature

increase of the earth-station receiving system cansed by connecting an

actuaf antenua to the subsystem and the measurement error of the

HOT/COLD load noise temperature measurement method.

I. INTRODUCTION

I N A SATELLITE communications earth station, the

low-noise amplifier (LNA) subsystem is one of the

most important subsystems and its noise temperature per-

formance makes a major contribution to the figure of merit

0018-9480/82/0700-1068$00.75 01982 IEEE



K.W1=WA: PERFORMANCE OF LNA SUBSYSTEM 1069

G/T of the earth-station receiving system. The LNA sub-

system is usually in a redundant configuration with two

identical LNA units connected to a protection switch. In

addition, several components such as a transmit, reject filter

and directional coupler are connected to the input port of

the LNA subsystem. Currently, the heart of the LNA unit

is a parametric amplifier which is followed by a low-noise

FET amplifier. Consequently, the noise-temperature per-

formance of the LNA subsystem is influenced by the

parametric amplifier, redundancy protection switch, trans-

mit reject filter, directional coupler, and FET amplifier.

Though the noise-temperature performance of a para-

metric amplifier has been discussed in several papers [1],

[2], that of the overall LNA subsystem has not, been dealt

with in any paper. Moreover, those papers analyzing the

parametric amplifier assume the circulator, wlich is a key

element of a parametric amplifier, is an ideal circulator and

thus are not truly valid for an actual application. One

paper treats effects of mismatch in parametric amplifier

system noise measurements [3]. However, its analysis does

not reach the effect caused by the circulator’s mismatch.

In actual fact, a noise-temperature degradation of even 1

K cannot be neglected, and therefore an anallysis of the

overall noise-temperature performance is much more im-

portant.

In order to satisfy this requirement, this paper describes

in detail the theoretical analysis of the LNA subsystem

noise-temperature performance. The starting point of this

theoretical analysis is not to treat the circulator as an ideal

circulator and include in its overall equivalent circulator

those components which are connected to the input port of

the parametric amplifier. Consequently, the development

of this theory is to analyze the effect, given by the circula-

tor in its overall sense, on the noise-temperature perfor-

mance of a reflection-type amplifier. The noise-tempera-

ture contribution from the following FET amplifier is not

included in this discussion, because it can be easily esti-

mated by dividing the noise temperature by the g“iin of the

parametric amplifier,

The effect of the circulator on the overall noise-tempera-

ture performance can be classified into three categories: 1)

the noise temperature degradation of the LNA subsystem

itself; 2) when the LNA subsystem is connected to an

actual antenna, the noise temperature of the earth-station

receiving system increases due to the residual reflection

coefficient of the antenna; and 3) the noise-temperature

measurement error introduced by the HOT/COLD load-

measurement method, due to the same residual reflection

coefficients of these loads.

II. E@JIVALENT CIRCUIT

The equivalent circuit of the LNA subsystem is shown in

Fig. 1. Therefore, it is clear that the noise temperature is

influenced not only by the parametric amplifier proper but

also by the circulator, the waveguide switch, the directional

coupler, the transmit reject filter, and the following ampli-

fier. Since the noise-temperature contribution, caused by

CIRCULATOR

IN ITS OVERALL SENSE

1CIRCULATOR FOL~I-~lNG

DIRECTIONAL
COUPLER OUTPUT

INPUT

/

WAVEGUIOE
SWITCH

PROPER

TRANSMIT STAND BY
REJECT

PARAMP
cHAIN

FILTER

Fig. 1. Equivalent circuit of an LNA subsystem.

the following amplifier, can be easily calculated by dividing

the noise of the amplifier by the gain from the input to the

output of the parametric amplifier, it is not discussed in

this paper.

Those components connected in the input line to the

circulator can be combined into a single two-port network

and characterized by the scattering matrix

[1

Y1l 1312

B,, Y22 “
(1)

The circulator *which is a seemingly ‘symmetrical three-

port one can also be characterized by the scattering matrix

[ ,1Ylo Blo ~30

~lo Y20 B20 .

f130 ~20 Y30

(2)

In order to make the following analysis easy, the circula-

tor in its overall sense defined as including those compo-

nents connected in the input line as a part of its input port

is introduced and characterized by the scattering matrix

[1

y, pl a3

a, y2 B, (3)

#L?3 a~ y3

which is a resultant of cascading (2) with (1) as shown in

Appendix L

Thus, the equivalent circuit can be converted into Fig. 2

showing a reflection-type amplifier proper connected to a

circulator in its overall sense which is incomplete and not

ideal.

The relation between the incident and reflection waves is

expressed by

P:]=F: :! iikl ‘4)
Now, the actual numbers of (3) are estimated to calcu-

late the examples of the noise temperature in the following
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metric amplifier proper caused by the circulator’s incom-

pleteness is analyzed, and then the noise caused by the

absorption loss of the circulator itself is considered.

Finally, the noise generated by the isolator which also

causes a noise-temperature increase is considered.

The total noise-temperature degradation can be esti-

mated by summing up these three causes of noise-tempera-

ture degradation.

A. Noise Temperature Degradation of the Parametric

Amplifier Proper

The reflection coefficient of the parametric amplifier

proper is expressed as

Fig. 2. Equivalent circuit of arr amplifier proper and a circulator. Z ’20 az
r== g

zg+zo=~”
(9)

description. As an example, assuming that the basic circu-

lator’s performance in the satellite communication band The gain from port 1 to port 3 is, by assuming as= O,

3.7 to 4.2 GHz distributes in the range as follows: E,#O, and E~=O

Iolog[aiolz, –0.07 ~ –0.15

}

(5) lr,l’ = ~ 2= ~a:a;:;a + b, 2, (lo)
1010gl~~012, 1010glyi~12> less than – 23

and the two-port network in the same frequency band is The voltage V and the current 1 at port 2 ane expressed as

characterized by
V= fi(a, +b, )l

lolog\p,21’, lologlp’,lz, –0.07 - –0.20

1

(6)
lologlyllt’, 101WIY22127 less than – 27 -

(3) is approximately calculated as follows:

Iologla,lz, lolog[a3\2, –0.14 - –0.35

lologla2[2, –0.07-0.15

lolog/Bl [2, lok%lpsl’, less than – 23.07

lologlp’1’, less than – 18.81

101WIY1129 less than – 18.84

lologly212, lo@lY3/2, less than – 22.62

(7)

---- 7

/

-!-(a2-b2) “
(11)

1= K

Since the following relations

b++a2-b2R(a2+b2)=E~-Z

b2 = y2az 1(12)

can be established by assuming al = O, E,= O, and En # O,

it is possible, by using those relations, to obtain the expres-

sion for the noise power appearing at port 3. By applying
Thus, the following figures are used as the basis for several equation transformations as shown in Appendix II,

presenting examples:
.-

101Oglcq 12= –0.14, 1010gl~112= –23, 1010gly112= –19

1

1010gla212= –0.07, 1010gl/1212= –19, 1010gly212= –23 . (8)

1010gla312= –0.14, 1010gl/3312= –23, 1010gly312= –23

However, care should be taken of the fact that since

those numbers are extreme ones they could cause rather the noise power of port 3 is expressed as

alarming noise-temperature degradations in the following

examples and if /liO and y10were improved the degradations 21En12 (11’a12 -1)
la2a212=la’1 ~ “ 11_y2ral~ (13)

would be significantly reduced.
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which is rewritten, by converting it into the equivalent

value at port 1, using the basic noise-temperature expres-

sion,

T,= lf%a212 _ IJ%112

()
“mm ‘-&

1

KBII’012 l–yzra’
o la,l’ l+&~

(14)

where k is the Boltzmann constant, and B is the band-

width.

If an ideal circulator (/ ai I =1, /3i = O, yi = O) is applied,

(14) is expressed as

TO=(P~)( kB )
exchangeable noise power [4]

(15)

Accordingly, the noise-temperature degradation of the
parametric amplifier can be calculated from the expression

Te_ 1
7— “ (16)

whose denominator is equivalent to the effect of the circu-

lator.

An example of the effect is shown in Fig. 3. The extent

of the effect varies depending on the phase of &(1 –
y217a)/a1a2 ra. It becomes a maximum when the phases of

Ml – yzr.)iala’r. ~d yJ. ~e 180 degrees ad iS a
minimum when those phases are O and 180 degrees, respec-

tively. The average effect can be obtained by assuming a

power summation shown as

l–y2ra
2

l+& =1+1/$1
‘l+ly2ralz

la,a2ra12-.
(17)

~,~zra

In (16), the factor Ial \2 only means T,. is converted into

Qx2

2

XI : LOSSLESS CIRCUIT

LI : LOSS CIRCUIT

Fig. 4. Equivalent circuit of a circulator.

the equivalent value at the input port, and the other factor

l–y2ra 2
l+&

~,~2ra
(18)

implies the effect of the isolation coefficient /33 from port 1

to port 3. Since (18) can be transformed into

2

/

2
~,a2ra ~,a2ra

I – y2ra
+ /33

l–y2ra
(19)

which is equal to the actual gain (10) divided by the

assumed gain with /33 being O, (19) varies around 1 dependi-

ng on the phase difference between & and the assumed

gain. When the leakage from port 1 to port 3 expressed by

/33 is added to the ass~ed g~n, the noise-temperature
reduction effect, from (19), becomes more than 1, and vice

versa.

B. Noise Temperature Increase Caused by the Circulator’s

Absorption Loss

Since this noise is difficult to analyze using only (3),

another equivalent circuit for the circulator shown in Fig. 4

is assumed. This assumption is justified in Appendix III.

Generally, the noise temperature generated by an at-

tenuator whose attenuation is 10 log IL 12(dB) is equal to

(1L12-l)T (20)

where T is the physical temperature of the attenuator.

Therefore, the noise temperature of L, and L2 of Fig. 4 is

equal to

(IL, L,[2-l)T=C (21)

where T.C is the physical temperature of the circulator.

Consequently, by dividing (21) by I@12112for conversion

into the input, the noise temperature caused by the circula-

tor is obtained as follows:

(22)‘( IL, L,12-l)T=CTl=&

l&211

{

(1- ly,l,l’)(l- ly2,,[’) _l Tac (23)
~

(1-1;,,,12) 1~,12 \

( )_l–ly’1112_ 1 T
—

lf%l’ l–/y1,*/2 ‘c.
(24)
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Fig. 6. Amplifier’s equiwfent circuit including an isolator.

usually, Iy,,, 12K 1 being used as an approximation

( )—-,-~-[y1,112T=.. (25)1
‘E= ,a,,2

1%12

Using (A.41) of Appendix III, the noise-temperature in-

crease becomes

(26)

If a, is all caused by absorption loss, Tt could be obtained

from the first and second terms of (26). In actual fact,

however, al partially includes reflection loss and thus

requires the third and fourth terms which compensate for

the effect of reflection loss at port 2 and 1, respectively. An

example of T$is shown in Fig. 5.

C. Noise Temperature Increase Caused by the Isolator

Usually, an isolator follows a reflection-type amplifier as

shown in Fig. 6. The noise corresponding to the physical

temperature T~l of the isolator is injected into port 3 and

degrades the noise-temperature performance.

Assuming E,= O, E.= O, a~ # O, al = O, and a2 = l?.bz in

MAXIMUM

z
FOW37

+“
5

I \

o
’34 -32 -~ -28 -26 –24 –22 -20 -18

20 f?og IB21 (dB)

Where zologlral= 13 (dB)

{

-O14(dB) (L .=1)
2o10g Iabl =

-0.07(dB) (b = 2)

20 fog [ ]tl = –23 (dB) (,=2,3)

T.aL= 29B (k)

Fig. 7. Relation of T’ versus~2.

Fig. 1,

b ~2P2~a

~=y3+l–y2ra

then the noise-temperature increase becomes

2

Tf=~ Y3 + a*~*~a Tal

Irol
l–y2ra

ra(~2p2 – Y2Y3) + Y3
2T——

r.(a#2 – y2~3) + b3 a’ “

(27)

(28)

(29)

Usually, ly2&l K lc21a21 and 1/331K la1a2ral; thus, as an

approximation

T= ~2 7273 / ?’3 *T,

f (30)
a, a,a2 ~,a2ra a’ “

The first term is the main contribution, governed by the

isolation coefficient from port 3 to port 2. The third term is

the secondary contribution corresponding to the reflection

coefficient of port 3 and the second term has a compara-

tively low contribution. An example is shown in Fig. 7.

D. Overall Degradation

Summing up these three noise-temperature contribu-

tions, the noise-temperature degradation of the LNA is

given by

ATH=(Te– TeO)+Tl+~. (31)

This degradation comes closer to O as the performance of

the circulator becomes more ideal.

IV. NOISE TEMPERATURE INCREASE INTRODUCED

BY THE ACTUAL ANTENNA

The actual antenna can be considered as a combination

of an ideal antenna and a lossless circuit as shown in Fig.

8. Including the lossless circuit into the circulator, a new

circulator which treats the reference point A as the new

port 1 is defined. The new circulator’s theoretical expres-

sion is shown in Appendix IV.
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Firstly, T; corresponding to T= beeomes

T
T:= IB.2112

eo
(32)

I – Y:ra 2
l~;lz 1+% ~;a;ra

by substituting (A.44) through (A.52) into (14) and multi-

plying [Baz, i 2 for conversion into the original input, the
approximation T:= T, is obtained.

Next, T; ‘corresponding to TI becomes

~=lB.2112‘(lL,L2\2-l)TaC
IP:2,12

(33)

by substituting (A.53) into (22) and also multiplying I/lazl 12

as mentioned above. Using (A.57), approximately

T8=A
IB12,12

([ L, L212-l)Tac (34)

consequently, T[ = T! is obtained.

Finally, ~a corresponding to Tf becomes, substituting

(A.44) thfough (A.52) into (30) in a similar manner as
above,

and then approximately

T= &+ay22 Y2Y3 / Y, 2T
fa

a,
3a

a1a2 ~,azra
az . (36)

p–- C(XO TEI?MINATIOF-I I ~

I I ~@*~ss I
kfE–J~A~~*c ,RCuiTA

(Tc K)

Fig. 10. Measurementcircuit of noise temperature.

The noise-temperature degradation caused by the reflec-

tion of the antenna is therefore expressed only by the

second term of (36). The process of this noise contribution

is that the noise from the isolator to port 1 via the

attenuation factor of a3 is reflected by the reflection coeffi-

cient of ya22. The noise expressed as a~yazz is added to the

original noise in the relation of voltage summation, power

summation, or voltage cancellation depending on the phase

of cr~yazz. In the case of power summation, the noise

temperature degradation is

ATfa = 1a3y.22[2%i. (37)

It’s maximum and minimum values correspond to

where + and — signs are applied, respectively. An exam-

ple is shown in Fig. 9,

V. NOISE TEMPERATURE MEASUREMENT ERROR

The equivalent circuit of the HOT/COLD load measure-

ment is expressed as shown in Fig. 10 applying similar

ideas as described in the previous section. Assuming the

scattering matrices of the lossless circuits.& and XC to be

respectively, the noise temperature at the reference point H

becomes, based on the analogy of (36)

where

and that at the reference point C,

-+q+q+qc)

IBC21 I 2

(40)

(41)
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where

~= B2+ay22_Y2Y3+ Y, ‘T.
fc a, 3C

Cx,a’ ~,a2ra
0<.

Assuming the physical temperatures of the HOT/COLD

loads to be T~ and TC (K), respectively, the measured Y

factor becomes, by using (40) and (41)

T +(q+TE+Tf~)/\&zl]2y= h

Tc+(C+Tt+Tfc)/l Bc2112

l&2,12 =l-lYh,,12

l&12=l-l Ycl112

lYhl112! lYcl112~l 1

being considered, (42) is approximately written

(42)

usually

(43)

Th+(~+Tg+Tfh)(l +\ Yh,]12).

‘= ~c+(q+7’~+Tfc )(l+lyc,,lz)

Expressing

Tf~ = q + ATf~

TfC = Tf + ATfC }

and assuming that

to be measured is

Y factor becomes

(44)

(45)

the real value of the noise temperature

where

AT~~ =ATfh+ ly~,,l’(~ +ATfh)

ATHC=ATfC+ lYC1~12(~ +ATf.).

Consequently, (47) can be transformed into

Tk – YT
c=q+

YAT~C– AT~h

Y–1 Y–1 “

(46)

(47)

(48)

Since the left-hand term of (48) is the equation used to

calculate the noise temperature using the measured Y fac-

tor, it should be equal to T. in ideal case. However, it

differs from T. by

(49)

which corresponds to the measurement error.

Though the reflection coefficient of a usual termination

is less than – 20 dB, that of HOT load specially designed

for measurement purpose can be reduced below – 32 dB.

A COLD load reflection coefficient of less than – 26 dB can

be attained, in spite of the disadvantage of having a more

complicated configuration which includes a liquid nitrogen

coolant. Therefore, considering

–1010gly~1112 >32, –1010glyC1112>26 (50)

+ 25

+20 ,
/

x +15,

-34 -32 -30 -28 -26 -24 -22 -20 -18

20 tOg I ~c221 (dB)

Where zo,(OQlifh221 =-32 (dB) in Fig,10.

Fig. 11. Measurementerror of noise temperature.

the measurement error around Tn =40 K becomes

YAT~C – AT~h YATfC – ATfh

Y–1 = Y–1 “
(51)

An example of the error is shown in Fig. 11 when T.= 40

K, Th = 298 K, and TC= 80 K are assumed.

It is found that considerable error could occur as the

reflection coefficients of the HOT/COLD load and the circu-

lator becomes larger. Consequently, it is desirable to re-

duce those coefficients below at least – 26 dB and less than

– 32 dB for the best results.

VI. CONCLUSION

The noise generated by the parametric amplifier proper

is mainly influenced by a ~ and &. The noise generated in

the circulator itself originates from its actual loss which

corresponds to the attenuation from port 1 to port 2 less

the reflection loss of ports 1 and 2. The noise contribution

introduced by the isolator is mainly governed by ~2.
The noise-temperature degradation, introduced by con-

nection to an actual antenna, roughly corresponds to the

partially reflected noise from the isolator by the residual

reflection of the antenna. In detail, it varies depending on

the phase difference between the reflected noise from the

antenna and the original noise, and, in case of voltage

summation, reaches a considerably higher value than the

value estimated only by the residual reflection of the

antenna.

Similarly, the measurement error of the HOT/COLD loads

roughly corresponds to the partially reflected noise from

the isolator by the residual reflection coefficients of those
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loads. Depending on the phase relation between the re- Assuming

fleeted noise and the original noise, the error varies over a ‘Zg=– R+jX
very wide range.

The examples calculated based on the analysis have and using

indicated the rather alarming errors which are mainly Zg l+ra
caused by the poor 23-dB isolation. Consequently, those _—

alarming errors would be significantly reduced if the circu-
~–l–ra

later’s isolation was improved to near 30 dB. (A. 11) is expressed as

In conclusion, the results of this paper have significantly

improved the design capability in assessing the total la212

noise-temperature performance of a satellite communica-

(

lEn12 l+ra + l+r~

tions LNA subsystem.
—. —
–2R l–ra l–r: )=

APPENDIX I

{
l+ Y2+&-Y2)

}{
=(1-Y})

SCATTERING MATRIX OF THE CIRCULATOR IN ITS
1+Y2+ ~_r:

J
OVERALL SENSE

Cascading (2) with (l), (3) is related to (2) and (1) as

follows: _lEn12. rdr$–l

4R (l–yzrc)(l–y;r~)’
Yll +(&2B21 – YIIY22)Y1O

YI =
1 – Y1OY22

= Yll + l&2 B21Ylo
Consequently, it concluded that
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(A.12)

(A.13)

(A.14)

(Al)
Ia212 = {exchangeable noise power [4]} ,~~~2~~2.

Y22&o

Y2 = Y20 + %0 1– y,oy’z = Y20+ %OP1OY22 (A.2)

(A.15)

y22~30
Y3 = Y30 + ~30 ~ _ Y,0Y22 m Y30 + ~30~30y22

/321 -p

a’= 1– y,oy22 ~lo — 21~lo

(A.3)

(A.4)

APPENDIX III

SCATTERING MATRIX OF THE EQUIVALENT CIRCUIT

SHOWN IN FIG. 4

Y22P1O Firstly, a symmetrical circulator is introduced as the
ff2 = ~20 + P30 1 _ Y*OY22 = ~20 (A.5)

basis for the justification of the equivalent circuit and

&2
characterized by the scattering matrix

as= 1– y10y22a30 = &2~30 (A.6)

[1

y. PO ao

/312 % Yo PO . (A.16)

‘1= 1– yloy’22 610 = &2&o (A.7)
flo ao yo

y22~30
& = 820+ ~,o ~ _ Y10Y22 = 820+ %0~30~22 (MI) The eigenvalues of (A.16) becomes [5]

(A.9)

Approximate equations are obtained by assuming IY,,Y221,

IY,0Y221< 1).

APPENDIX 11

INCIDENT NOISE POWER AT PORT 2

From (12), a2 becomes

En
az = (A.1O)

lZ{(l+Y2)+~(l-Y2)}
a

and thus it is transformed into

IJ%12 . Zg+q
la212= Zg+Z; “ (All)

W+Y2)+M(1-Y2 )12

where ?!= 27r/3. Thus, the eigenvalues of an ideal circula-

tor (a. = 1, @o= O,Y. = O) are expressed as

Aw=l

A+10

1

= eJ* . (A.18)

~_lo = e-J’*

The ideal circulator is characterized by three eigennetworks

whose reflection coefficients correspond to (A. 18), respec-

tively, as shown in Fig. 12 [6].

Now, assuming that the eigennetworks of the symmetri-

cal circulator is composed of the ideal circulator and the

two-port network as shown in Fig. 12, the following rela-
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~____ SYMMETRICAL CIRCULATOR

I EIGENNETWORK

I 2-PORT
~- NETWORK

––+. IDEAL CIRCULATOR
1

EIGENNETWORK

L !

2
1

: [1 :

S,, S12 I

s,, s,, 2’ 11 ““=e ‘“l
1’

‘--J-C-*,
Fig. 12. Eigennetwork of a symmetrical circulator.

tions can be derived from this combination:

~m=s,, + y (A.19)

A:.–’22
where m = O, + 1, — 1. Assuming that the two-port network

is a reciprocal network, it is characterized by

S,2 = S2,. (A.20)

Consequently, the following relations are derived from

(A.19) and (A.17):

%
S,, =yo–z

()

s:2=ao l–~
a;

‘.

S22= h
a.

Since the symmetrical circulator is lossy, one has

l–[ao[z–l~olz–lyolz>o

and thus this is approximately transformed into

1%<1- l~012+lYo12
2’

(A.21)

(A.22)

(A.23)

The ideal circulator defined in [6] is characterized by

IPOI=IYOI (A.24)

and moreover, an actual circulator usally expresses the

relation

IBOI=IYOI. (A.25)

Therefore (A.23) is approximately transformed into

laol<l–l~0120rl

On the other hand, usually

Iaolz=l

laolz>>l~olz,

-IY012.

Y012 I
(A.26)

(A.27)

LOSSY LOSSLESS LOSSY
* 2-PORT + 2-PORT ~ 2-PORT -q

I NETWORK ! NETWORK I NETWORK ~

(a)

(b)

Where S’,2 = S’2,

I s’,, I = I s’,, I

Is’l, r+ls’l, f=l

Fig. 13. Synthesis of a lossy two-port network.

being considered, one has

1ls,212+ls,,12=laol+lYo12 .
(A.28)

ls,212+ls2212~laol+po\2

Using (A.26), (A.28) is transformed into

1s,212+1s,,12<1

1
1s,212+1s2212<1 “

(A.29)

Consequently, the two-port network can be composed of a

passive network and the symmetrical circulator can be

expressed by an ideal circulator whose each port is con-

nected to a reciprocal passive network.

In addition, the two-port network can be expressed as

shown in Fig. 13(a). Those parameters defined in Fig. 13(a)

are related to the scattering parameters of the two-port

network as follows:

where

Usually

S;l=S1l L~l

S;2 = S,2L,, L22

1

(A.30)

S;2 = S22L;Z

1
_=1s,212

~ +1s,,12

IL1114

1
—=ls,,lz

~ + 1s2212

IL’2214

1

1L,,L22/2
=1s,212+1s,,s221.

lL1ll~l

being considered, (A.30) is approximately

S:, =s,,

1

s~2 = s12L, *L~2 .

S;2 = S L2 L222 11 22

(A.31)

transformed into

(A.32)
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Thus, the two-port network can be approximately ex-

pressed as shown in Fig. 13(b). Consequently, it is also

possible to consider the symmetrical circulator is ap-

proximately equivalent to an ideal circulator whose each

port is connected to a two-port network as shown in Fig.

13(b).

Finally, the asymmetrical circulator characterized by the

scattering matrix (2) can be expressed by the equivalent

circuit mentioned above where the parameters shown in

Fig. 13(b) is slightly varied port by port, because the

scattering parameters of (2) deviate from (A. 16) by a small

extent.

Similarly, the circulator in its overall sense characterized

by the scattering matrix (3) can also be expressed by the

same equivalent circuit as above by cascading (1) with the

two-port network included in port 1 of the asymmetrical

circulator. And thus it is possible to express the circulator

in its overall sense as shown in Fig. 4.

In Fig. 4, assuming the scattering matrix of the lossless

circuits Xl to be

[1

Yin Bi12

Bj21 Yi22
(A.33)

where

IYilll = lYi221 Bi12 ‘~121 IY,I*12+IB,1212=1

that of the loss circuits Li to be

[l~L 1~1
(A.34)

and that of the ideal circulator to be

[i’ ;’ ‘;1

(A.35)

the overall scattering matrix components are expressed as

3 Li
‘Yi = Yin n

(

yil 1Y122
— +eJti~ ~iz, – —

1=1 Pi12 I Di12 )

Y(i+ l)22Y(j+2)22
(A.36)

Li+lLi+z~(~+l)lz~(,+z)lz

+ YillYi22Li+2

A?24Z+2)12 }

(A.37)

{( Y(i+l)llY(i+l)22

D~i = eJ(4-$’) ~(i+l)21 – ~(i+, ),2
)

Y(,+2)22 + Y(z+ l)llY(t+l)22Y(i+ 2)22

‘i+2B(i+l)12B(i+ 2)12 ‘i+2P~+l)12&?+2)22 1
(A.38)

where

j=l

and i + 1 and i + 2 corresponding to 4 or 5 reads 1 or 2,

respectively. Usually, Iyi22 I <<1 being considered, it is possi-

ble to assume approximately

31

and then the overall scattering matrix components are

approximately expressed as

.-.

_ A21&+l)lz

~’ – LiLi+l

~ ~ Pl12B(i+ l)21Y(i+2)22
1 L1L2L3L,+2 I (A.40)

where eJ@i/LiL,~, is newly converted into l\L, L,w,. Con-

sequently, the following relation is obtained:

PjPj+2
Ylll=Yj– —.

ai+ 1

(A.41)

APPENDIX IV

SCATTERING MATRIX OF THE CIRCULATOR

INCLUDING THE LOSSLESSCIRCUIT X. SHOWN IN

FIG. 8

Assuming the scattering matrix of the lossless circuit X.

to be

[1

Yall P%2

&21 Ya22

(A.42)

where

and the scattering matrix of the circulator including X= to

be

[1

y{ & a;

a; y; /3; (A.43)

P; % Y:

based on Appendix I, the components of (A.43) are ap-
proximately expressed as, because of IY. I lYazz1, Iylyazz I ~ 1,

Y{= Yall + l%2Yl (A.44)

Y;= Y2 + dlYa22 (A.45)

Yj = ?’3 + b3~3Ya22 (A.46)

~; = fiazl~l (A.47)

a; = a.2 (A.48)
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and Electric Co., Ltd., who participated in this study, for their

a; = &12a3 (A.49)

b{= &12& (A.50)

P;= 132+ ff1a3Ya22 (A.51)

~~ = &zI& . (A.52)

When X. is connected to the circulator characterized by

Fig. 4, the overall scattering matrix components can be

obtained by applying the scattering matrix of the combined

lossless circuit ~ of X. and Xl as follows:

(A.53)

where

Ba12Ba21Ylll

Y~ll = Yall + 1 _ Y=22Y111 R Yall ‘~a12~a21y111 (A.54)

B112&21Ya22 ~ Ylzz + ~,*2B,21ya22
Y;22 = Y122 + 1 –ya22Yl11

&12&12

‘~lz = 1 – ya.2’2y,~,=Ba1213112

13a21&21

~~zl = 1 – ya22y,,1 = &2 J3121.

(A.55)

(A.56)

(A.57)

Approximate equations are obtained by assuming IY=22YI,,

1<1.
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