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86 PRINCIPLES OF MICROWAVE MEASUREMENTS

Stephen F. Adam

Microwave Theory and Applications
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1

i
3.2 FLOW GRAPH REPRESENTATION OF
MICROWAVE NETWORKS

3.2.1 SCATTERING PARAMETERS

In analyzing microwave transmission line problems, one would like to
find some generalized patameters to write for a network in question—parame-
ters which can be measured with reasonable simplicity, even in microwave
frequencies. Analysis of the energy flow through a two-port network is one
way to do this. . _

A simple two-port network can be shown as a “black box” (Fig. 3.2-1).

O | -]
IND ouTH

Fig. 3.2-1. Simple two-port network.,

We are not interested in knowing what is built into the black box, but only
in what it will do to a signal applied to either port, For example, if'the black
box contains an amplifier und we would like to know the various piarameters,
we can measure the input impedance while the output is short- and open-
circuited and measure the output impedance while the input is short- und
open-circuited. This will give us some of the commonly known z, y, and A
parameters. However, this technique has some shortcomings at higher fre-
quencies. Some devices may oscillute (probably at some frequency &:.2&1
from the measurement frequency) or huve some unwanted, purasitic cflects if
they are terminated with a short or open circuit,

The ideal case would be to express a sct of parameters when the input
and output ports are terminated with their own churacteristic impedances at
all frequencies. The scattering (s) parameters are the sct of parameters that
are measured under such conditions. An udded, inherent advantage of these
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parameters is that they describe the signal flow within the network. Kuro-
kawa,! Penfield,®? and Youla* studied generalized scattering parameters,
Hunton® used signal flow to analyze microwave-measurement techniques
with s parumeters and expressed them with flow graphs, since these parame-
ters relate directly to the signul flow, Kuhn® used a topographical approach
for resolving these flow graphs. :

3.2.2 BASIC FLOW GRAPHS

A flow graph can be drawn to unalyze the energy flow of a two-port
network. (See Fig. 3.2-2.) A flow graph has two nodes for each port, one for

9, w». Un

PORT | PORT 2

b, Se a:

Fig. 3.2-2. Flow graph of a two-port network.

the entering (incident) wave and the other for the leaving (reflected) wave of
that port, The incident node is the a node und the reflected node is the b node.
In our exumple of the simple two-port network, when the incident wave
enters the device ut port 1, part of it will be returned through the sy, path and
b, node. The remaining part of the incident wave goes through the sy puth
and leaves the network through the b; node, If a device that has some reftec-
tions is connected to port 2, und if it will reflect part of the wave leaving by,
this reflection will reenter the network through the as node. Then, part of
that may be reflected, passing along the sp path and leaving the network

t Kurokawi, K., IEEE Trans.-MTT, March 1965, p. 194.

1 Penlield, ., Ir., *“Noise in Negative Resistance Amplitiers,” IRE Trans.-CT, Yol
CT-7, June 1960, pp. 166-70. .

3 pentickd, 1., Ir., “A Classilication of Lossless Three Ports,” IRE Trans.-CT, Vol,
CT<9, September 1962, pp. 215-23, 4

$ Youla, D. C., “On Scattering Matrices Normalized to Complex Port Numbers,”
Proc. IRE, Vol. 49, July 1961, p. 122, .

s Hunton, J. K., “Analysis of Microwave Measurement Techniques by Means of
Signal Flow Graphs,” T'rans. IRE, Yol. MTT-8, March 1960, pp. 206-12.

¢Kuhn, Nicholaus, “Simplilied Signal Flow Graph Analysis,” The Microwave
Journal, November 1963, pp. 59-66.
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through the b, node. The other part of the wave passes through the si2 path

and leaves the circuit through the b, node. :
Following the arrows in the flow graph, we can write the following

equations.
0_ = ISy + a5 Au.Nn:
by = aisu + GsSn 3.2:2)

By analyzing these equations, one cun sce that these parameters can be casily
measured under certain conditions
Assumie that there is no signal entering at a; node (this can be achieved
by terminuating port 2 with its characteristic impedance). Then Egs, (3.2-1)
and (3.2-2) become
b = aisy, (3.2-3)
vu = M. Au.N-Av

By reversing the network, that is, terminating port 1 with its characteristic
impedance and applying the signal to port 2, Eqgs. (3.2-1) and (3.2-2) will
become
&— = Q812 Aw.N-Mv
by = GgSn, (3.2-6)
since a; = 0.
Expressing the scattering parameters from Eqs. (3.2-3), (3.2+4), (3.2-5),
and (3.2-6), we can write the following:

=2 ] @=0 (3.27)
ay ,
by _

S5 = — as = 0 Au.N.mv
a

S = w“ @=0 (3.29)

S = w” a=0 (3.2-10)

Furthermore, these expressions show the meuns of mecasuring these parame-
ters: sy can be measured when port 2 is terminated with its characteristic
impedance and only the ratio of reflected wave and incident wave has to be
measured at port 1. We saw that in Chap, 2, where reflection coeflicients
were discussed. This means that sy is really the input-reflcction cocflicient
of the device. ,

522 is measured in exactly the same manner as su, except that port 1 is
terminated with its characteristic impedance and the signal is applicd to port
2 sn is the output-reflection coeflicient of the network.

sq1 is measured when port 2 is terminated with its characteristic imped-
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ance and the signal is applicd into port 1. The ratio of the signals measured
ut the ?.»:a a; nodes (voltuge between output and input ports) defines the
value of su. Simply, sy is the forwurd transducer coeflicient,

51 is measured by reversing the ports and terminating port 1 in its
characteristic impedance and applying the signal to port 2. The ratio of the
signals appearing at the 6, and a; nodes will define the value of the s, parame-
ter. sy is the reverse trunsducer cocflicient of the network.

These parameters arc vector values, and they have both magnitude and
phase information. : .

It is much casicr to make swept-frequency, wideband measurements of
s parameters thun of A, y, and z parameters, especially above 100 MHz, To
use the many design techniques defined in terms of A, p, and 2 E_:_aoaqm. it
is quitc simple to convert data to any of these parameters from the scattering
parameters, Table (3.2-1) shows the conversion equations for each of these
parameters and the scattering parameters,

Table 3.2-1. Conversion Equations Between 4, 2, y, and s Parameters
(zu = 1)(znn 4 1) = 2120 (L4 su)(l = s3) 4 susw

= Gu F DiEn + 1) = zuzn = (I = su)(l = s19) = s195
- - Nn: 2s

= Gn F Dlzm + 1) = z0zn 2n = (1 = su)1 ..._.u:v - SisSn
- 22y 28y

= F DiEn + 1) ~ zntn S TS0 = ) — summ

(zu + 120 = 1) = 2ss2yy
(zn + 1)z + 1) — 22y

(1 = y)(1 + yn) = Yu)n

. - (1 4 )1 = su) + 318
(I = su)l = sn) = Sia8si

(1 + suX1 = s1) + s

Sy = 2

Spy - S AL AL -
MEAE N — e T TF ) F e = s
-2y =25 .
Sty W ey - b S . - . Rl
ST F )X + y) = yuyn I (1 su)l 4 52} ~ s15n
- 2yy : — 25

Sy =

:l+ a1 + .,..nv = yuyn n = TF a0 ™F sm) = 51asm :
(1 4+ yu)) = ) = ruyn U A4 suXl = 51) + Sua5u

Spy = . Frp &8 oeemns PN SN N4 g

O 4 padl + yn) = yara (4 4 sa)() 4+ sn) ~ s1sn
(g = 1)hey + 1) = Dy (4 5000+ $11) = Sty

Sy o e PRV, 4 \:_ = : PRI St (PP 4

(U 4 )l + 1) = Inahise (1 = su)1 4+ su) + susa

2 | 2
“ MR et womn ey memes L——— e - - R Ay
COE O F D+ ) =Ty I = (i +_.i F ssn
T -2y ¢
N I mv— Paid. [ PRSI | S
R (N2 T DRy Y b= PR b el

(L Mt = hay) 3 Inshay (1 = s)(1 = 511) = g0y

—. \~u~ = - ravn

U+ 1)+ 1= s (U'="su) + ) + susn

Sy =
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3.2.3 TOPOGRAPHICAL APPROACH TO
RESOLVE FLOW GRAPHS?

It was emphasized in the previous section that the scattering parameters
are descriptive of signal flow; conscquently, signal flow graphs can easily
show the scattering parameters as signal flow clements. A two-port network
has been described already. The flow graph of a three-port network can be
realized in the same manner. Figure 3.2-3 shows such a flow graph.

|

PORT | PORT 2

b, - Se 02

Fig. 3.2-3. Flow graph of a three-port network,

Nodes that represent waves cntering and leaving the network are desig-
nated a, and b,, respectively, There is always a connecting line from an a,
node to a b, node within the network flow graph, and these connecting lines
always go from g to b. They are associated with an s parameter.

Networks can be cascaded one after the other, and their flow graphs
can be cascaded similarly, as in Fig. 3.2-4, which shows two two-port net-
works treated in this way. It is interesting to note that node b, und aj are
synonymous; a, and bj are also synonymous. In a flow graph, synonymous
nodes can be connected with an arrow having a value of “1,” mecaning that
there is no electrical length between them. These two groups of nodes should
not be considered identical; the direction of the arrow between b, and ai
is important. Basic transmission line elements can be divided into one-port,
two-port, and multiport groups. Every port will have two nodes: one where
the wave enters (a) und the other where the wave leaves that port (b).

Flow graph represcntation of some one-port networks is shown in Fig.

1 Kuhn, “Simplified Signal Flow Graph Analysis,” Microwave Journal, November
1963. )
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6, Sy b, af si bj

by Se a, b Siz H

Fig. 3.24. Two two-port networks cascaded.

3.2-5. M is the meter reading of an indicator, as shown; K represents the
law of the detector and does not change with power level so long as the de-
tector law does not change with power level, Furthermore, M includes the
effect of the transmission loss due to the detector’s reflection V1 ~ g3,

- Flow graphs of some two-port networks are shown in Fig. 3.2-6, These
flow graphs are only the most-used elements. Remember that I' stands for

0
a
— Jo
- v . [izp.e
b b
0. Termination
a
aPme)- k @
Q
'Il'
l
, |—1 pETECTOR (M) TozppelPo
b b
b, Detector
E L Wl"l
b
ey ol
©&— _ Ly2pee!#s
a
a

¢. Signal source

Fig, 3.2.5. Flow graph representation of some
one-port networks.
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Figure 3.2-18 shows the flow graph of a two-port network driven with a
signal soufce and terminated with a load. Onc path goes from the generator

to node b.; its value is su. There are two paths from the generator to node .

b,. The values of these paths are sy and sal'usp.

If a path starts and finishes in the same node, it is called a “loop,"
rather than a path, A “first-order loop” is a path coming to a closure with
no node passed more than once. The value of the loop is calculated as the
value of the path, or the product of the value of all branches cncountered
en route, f .

A “'second-order loop" is defined as two first-order loops not touching
each other at any node. The value of a second-order loop is the product of

Apply rule No. 3

| T
_tH.QH.. -3 Tq

Eg

Tl

_-ﬂoﬂ_

Fig. 3.2-17. Reduction of the measurement flow graph.
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L. Apply rule No. 4 ;
| _
1-Te

T .
- Td K

_lmJaH.._
Apply rule No, |
! KT
-DH‘OMJ_ _lﬁ.nm..a

Eg

._.nHranan

_l—aoﬁ_ !Hanﬂ.a fﬁaﬂan‘.ﬂn

Apply rule No, 3 KT
£, _ \ _.._P?U
I-Te T
_ T2y

T T, T, TqTgTaT Ty

1

rule No. |

(3 P .

’ KT - @»
_lmJaH..- IﬂNuJQ ?ﬁﬂﬂ.ﬁﬂ;_ﬂn

._ . |- .—vNHJo ﬂ-ﬂ

Fig. 3.2-17 (continued)

Apply

the values of the two first-order loops. Third- and higher-order loops are

, - three or more first-order loops not touching each other at any point. Their

values are calculuted in the sume manner as described above for the second-
order loop, that is, by multiplying the coeflicients of branches encountered.
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q,
E ¢
; -
b
"Fig. 3.2-18, Flow graph of a __io.uoz network with a
signal source and a load.

2 D2

Y

S
Si2 Qz

For example, in Fig, 3.2-18, there are three first-order loops (sul'y, sxT'., and
I'ysul'1.512) and one second-order loop (T'psusn!'s).

The nontouching-loop rule®? can be upplied to solve any flow graph,
The equation in symbolic form is

Pl — ZLEHW 4 ZL)W — ZL3YY 4 ., ]

4 Py[l = SL(® 4 SL(2)?® — .. .]
re + P =204, )P~ )4
T = 2L(1) + 2L(2) — 2L3) + ...

where XL(1) stands for the sum of all first-order loops, ZL(2) is the sum of all
second-order loops, and so on; Py, Py, Py, etc,, stand for the values of all
paths that can be followed from the independent variable, in most cases the
generator, to the node whose vilue is desired; ZL(1)'" denotes the sum of
those first-order loops which do not touch the path of P, at any node; 2L(2)®
denotes then the sum of those second-order loops which do not touch the
path of P, at any point; ZL(1)® consequently denotes the sum of those first-
order loops which do not touch the path of P, at any point, Each path is
multiplied by the factor in parentheses which involves all the loops of all
orders that the path does not touch. T represents the ratio of the dependent
variable in question and the independent variable. -

The example shown in Fig. 3.2-18 can be calculated for two dependent
variables. One is the reflection coeflicient of the two-port network by/a, and
the second is the transmission coeflicient by/E. In the first case, when by/a
is to be found, the gencrator is not involved, so it should be neglected. The
solution is .

by _ su(l = sal's) + sulsse

a I — sal’y
si is the first path, Py, which has to be multiplied with 1 — 2L(1)V, sal's is

¥ Lorens, C. S., “A Proof of the Nonintersecting Loop Rule for the Solution of
Linear Equations by Flow Graphs,” Res. Lab, of Electronics, M.1.T., Cambridge, Mass.,
Quarterly Progress Report, January 1956, pp. 97-102,

* Happ, W. W., “‘Lecture Notes on Signal Flow Graphs,” from Analysis of Transistor
Circuits, Extension Course, University of California, Catalog 834AB.
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the o_.d_v. first-order loop not touching the P, path; higher-order loops not
touching the Py path do not exist. Path number two, Py, will be 5,115y since
_r._u_acsa :w.m_n.mMom%q or any higher-order loops not touching this path, it
will be multiplied by 1. The denominator shows the only first-
sal'r, subtructed from unity, y Hrstorder loop,
The entire flow graph, including the generator, | i
. f 1s needed to
solution for the trunsmission coeflicient. . write the

by _ Sa1

E = Iysu = sul’, — U'ysulrsy + Tosusnly

Because there is o:.? one possible path from E to the b, :o% and there are

no loops not touching this path, only s, will stay in the ==32w8? It can be

mezo h”ﬂ” _MMS are three first-order loops und a second-order loop in the
. It ﬁ.EE be interesting to see the attenuation measurement flow graph

discussed in the topogruaphical approach us another example, Figure 3.2-15

shows the flow graphs in question. Equations have to be written for K.“\m.

@_%ohﬂ“\ma the values of M,/E, and M./E, have already been found ana-
y.

M k
E T T
since k is the only path and I',I'y is the only loop.
M} kT

E, =10 =10, — P20y + 110,
Again the only path is kT, and all loops touch this path. Three first-order
loops EE a second-order loop can be found in the denominator,

Itis worth mentioning that third- and higher-order loops can usually be
:nm_n.nsa after careful analysis of the values of various coeflicients in question
This is because values smaller than unity multiplied with each other cmooam
even smaller. This point will be emphasized later in the text,

Nontouching-Loop Rule
P(l = 2L(1) 4 SL)M = SL3)M +, . )

7w ot Pl = BLA)W 4 SLQ)® — . )4 Pyl = SLO)D + . |, J+...
‘ P=3L()+ 2L2) = SLO) + v )

ZL(1) Sum of all first-order loops
2L(2) Sum of all second-order loops
m_m m_.u“:\.. Values of puths corresponding to indices .
“\.MNWS Sum of those first-order loops which do not touch P
mk&i m:B of those sccond-order loops which do not touch Py
» um of those n-order loops which do not touch 2, pith
Ratio of dependent variable in question and independent variable
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f St S12 $21 522
(GHz) Magn. |Angle(deg)| Magn. |Angle(deg)] Magn. |Angle(deg)| Magn. |Angle(deg)
9.6 0253 —90.0 0.058 -394 251 312 0470 -1298
9.7 0.193 -105.5 0.068 —482 2.44 219 0.447 -1328
98 0.154 —-1248 0.077 —~554 237 13.1 0.409 -1329
99 0.127 -1436 | 0087 —60.7 237 56 0.410 -1365
100 0.097 -165.9 0.100 —684 243 —45 0.402 ~1454
10.1 0.036 -156.3 0.111 780 | 242 -154 0.359 -1555
102 0.068 -202 0.118 858 236 265 0333 -1717
103 0203 35 0.126 -952 | 230 315 0301 1733
10.4 0.309 103 0.128 -1034 217 —482 0227 | 1687
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FHX04FA/LG Fujitsu HEMT (89/90), f=0 extrapolated; Vds=2V, Ids=10mAa
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1.000

0.982 .

0.952

0.910 .

0.863

- 0.809"

0.760
0.727
0.701
0.678
0.653
0.623
0.601
0.582
0.564
0.533

0.500

0.461
0.424
0.385
0.347

sll
0.0
~20.0
=39.0
- =57.3
~75.2
-92.3
-108.1
-122.4
-135.5
-147.9

- -159.8

-171.1
178.5
168.8
160.2
151.6
142.8
134.3
126.6
121.7
119.9

4.375
4.257
4.113
3.934
3.735
3.487
3.231
3.018
2.817
2.656
2.512
2.367
2.245

2.153

2.065
2.001
1.938
1.884
1.817
1.708
1.613

s21
180.0
160.4
142.0
124.3
107.0
90.4
75.0
60.9
47.3
33.8
20.2
7.1
-5.7
-18.4
=-31.2
-44.5
-58.8
-73.7
-89.7
-106.5
-123.7

0.000
0.018
0.033
0.046
0.057
0.065
0.069
0.072
0.073
0.074
0.076
0.076
0.076
0.076
0.077
0.079
0.082
0.083
0.085
0.087
0.098

sl2
0.0
74.8

62.9 -

51.5
40.3
30.3
21.0
14.1
7.9
1.6
-4.0
-10.1
-15.9
-21.9
-28.6
-36.8
-48.5
-61.7
~77.9
-97.2
=119.9

0.625
0.620
0.604
0.585
0.564
0.541
0.524
0.521
0.524
0.538
0.552
0.568
0.587
0.611
0.644
0.676
0.707
0.733
0.758
0.783
0.793

s22

0.0
=15.2
-28.9
-42.4
-55.8
-69.2
-82.0
-93.6
-104.7
-115.4
=-125.7
-136.4
-146.4
-156.2
-165.4
-174.8
174.2
163.6
150.9
139.1
126.6




ATF:21186 Typical Scattering Parameters,

&

Common Source, Zo = 50 Q, Vpg =2 V, Ipg= 16 mA
Frequency S : .m»_. . m.», _ : m.nu
{MHz - " Mag. Ang. . | Mag. "Ang. Mag. Ang. ‘| Mag.’
- 500 .. ..o.ww -49 3.7 147 0.069 62 0.34 *-
11000 092 | -61 342 | +133 | 0092 0.33 L
. .2000 0.81 -87 2.85 108 0.131 0.32
i 3000 0.72 -114 241 84 0.169 0.29 :
. 4000 - 0.64 -143 2.11 61 0.178 0.26
« 5000 0.62 -172 1.83 . 39 0.186 0.25
6000 0.61 162 1.69 19 0.189 0.28
7000 0.63 |, 140 1.39 o2 0.192 -15 0.33
8000 0.65 123 1.25 -14 0.200 -20 0.37
ATF-21186 Typical Scattering Parameters,
Common Source, Zo = 50 Q, Vpg =2 V, Ipg= 20 mA
Frequency Su Sy Sz
: MHz | Mag. Ang. Mag. - Ang. Mag. Ang. Mag.
; 600 0.98 -51 4,17 146 0.066 61 0.31 -
;1000 0.91 -64 3.78 132 0.087 54 0.30
. 20007 0.80 -90 o1 107 0.123 . 40 0.28
' . 3000 0.70 -118 © 2,60 83 0.150 27 0.26
i 4000 0.63 -147 2.25 60 0.169 16 0.23
© 5000 0.61 -176 1.94 39 0.180 5 0.23
6000 0.61 159 1.68 20 0.187 -4 0.28
7000 0.62 137 1.47 2 0.193 -11 0.33
" 8000 0.64 120 1.32 13 0.205 -17 0.36
ATF-21186 Typical Scattering Parameters,
Common Source, Zo =50, Vpg =3V, Ipg=70mA .
Frequency Sn S Su
MHz Mag. Ang. Mag. Ang. Mag. Ang, Mag.
L5000 - - f 095 -30 6.69 .| 156 0.04 0.31
1000 | 0.87 -57 . 574 136 0.06 | 0.20 -
2000 0.69 -105 4.30 102 0.10 10.18
;3000 0.63 +139 3.36 80 0.12 0.18
" 4000 0.62 <170 2.63 60 - 0.14 - 0.22
. 'B000 0.63 165 2.12 142 0.15" 128" '0.27
", 6000 . 0.67 147 176 | 26 0.17 " 28’ 0.33
-, 7000 071 | 133 149 | !13 0.18 18 10,39
.+ 8000 0.74 126 1.29: N 0.19 - 16 '0.43

ATF-21186 Typical Noise Parameters,
Zo=500Q,Vpg=2V,Ips= 10 mA

-, NF§ ™~ —.ev»
okl dB |\ Mage,,| "Ang
- 057 ~ | 083 30
2061 |, -0.80 39
0.71 0.76 61
0.90 0.72 109
109, | om 168
1.29 0.73 -145

t o=y

ATF-21186 Typical Noise Parameters,
Common Source, Zo =50 Q, Vpg =2 _<.. Ips = 15 mA

o

Frequency

RN/GOQ

e are

ATF-21186 Typical Noise Parameters,
Coramon Source, Zo =50 @, Vpg =2V, Ipg = 20 mA

Frequency NF, Topt RN/50 Q
MHz dB Mag. Ang. .

500 0.45 0.88 31 0.56

~ I 1000 0.50 0.84 41 0.43
Fl- 2000 0.60 0.75 64 0.35
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