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Abstract—The energy conservation of lossless network reflects a
series of novel symmetry in S parameter. This paper presents
the generalized modulus symmetry, spurious reciprocity, constant
characteristic phase and determinant of the lossless block network. The
perfect matching condition of block load network [I';] and the invariable
lossless property of S parameter of generalized block network are
developed. Application examples are given to illustrate the application
and validity of the proposed theory.

1. INTRODUCTION

The lossless network is a very important basis for microwave synthesis
in microwave engineering. In fact, with the assumption of the
lossless condition synthetic models of a considerable amount of
microwave components can reasonably approximate a number of
practical engineering problems, such as microwave filters [1], power
dividers [2] and directional couplers [3].

The most essential property of the lossless network is the energy
conservation. In other words, all energy entering into the network can
be expressed in terms of reflection or scattering. As Emmy Noether,
a known mathematician, revealed, any sort of the conservation must
correspond to some kind of symmetry. In the lossless network, it is the
Hermite symmetry. Specifically, scattering matrix [S] satisfies

[S]7 18] = 1] (1)

where [ |T = [*]7 = ([ ]7)*. Here superscript * represents conjugation.
[ ] denotes matrix transpose, and [I] is a unity matrix. Eq. (1)
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is referred to the lossless unitarity. For a two-port lossless network,
the unitary condition (1) can be expressed as three independent
equations [4]

‘511|2 + |S21|2 =1

|S12]® + [Sa2]? = 1 (2)

Sflslz + 351522 =0

By some derivations of (2), the S parameter properties of the two-port
lossless network can be summarized as follows [5]:

1. Modulus symmetry
|S11] = [S22| (3)

That is to say, there is an electromagnetic asymmetry at port 1
and port 2, i.e., S;1 # S99. But with the lossless condition, we
can obtain the same moduli.

2. Spurious reciprocity
|S12| = [S21] (4)

Similarly, the two-port lossless network can be nonreciprocal, viz.
S12 # So1. However, the lossless condition guarantees the same
moduli.

3. Characteristic phase ¢
D = (p12 +p21) — (11 + p22) = 7 (5)

in which S;; = |Sj;le®¥ (i,j =1,2). There is a constant
characteristic phase or standing property in the lossless network.
The determinant of S parameter of the lossless network det[S] can
be expressed as

det [S] = eJprite) — _ i(pr2+e21) (6)

and the modulus of det [S] is equal to 1.

One of the applications of the two-port lossless network is the
perfect matching problem. Specifically, the network is connected by
the lossy load T'z, through [S] in order to get I';;, = 0. In this case, the
perfect matching condition becomes

Sy =Ty (7)

In recent years, a lot of researches on the multi-port lossless
network have been done on the basis of S parameter properties of
the two-port lossless networks. Liang and Qiu [6] first extended
the modulus symmetry of the two-port lossless networks to a multi-
port lossless reciprocal network. The phase relation of the two-port
lossless network has been generalized to a lossless n-port network [7].
Characteristic phase ® of the three- and four-port even symmetry
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networks has been discussed [8]. Liang et al. further developed the
characteristic phase ® of a lossless n-port network in the case of a
non-square sub-matrix S parameter [9]. Heiber and Vernon derived
the matching conditions for a reciprocal lossless five-port network [10].
In [11], a condition to achieve a kind of completely matching problem,
ie., min|S;| (i=1,2,...,n), has been derived. Some bounding
conditions for S parameter of a three-port reciprocal lossless network
have been discussed by Butterweck [12]. A lot of works on the modulus
symmetry, spurious reciprocity and characteristic phase of the lossless
n-port network have been carried out, but to our knowledge the perfect
matching problem and invariable lossless property of the multi-port
lossless network have not been studied yet.

In this paper, the block network method is first utilized to develop
the modulus symmetry, spurious reciprocity, constant characteristic
phase and determinant of the multi-port lossless network in analogy
with those of the two-port lossless networks. In the following,
the perfect matching condition of the multi-port lossless network is
proposed when the block load network [I';] is considered. Furthermore,
the invariable lossless property of S parameter of generalized block
network is studied. Finally, some practical multi-port lossless networks
are given to validate the proposed theory.

2. THE LOSSLESS BLOCK NETWORK

With development of the large complex systems, the multi-port
network theory [6-12] becomes increasingly important. Especially the
block network in essence is the function division of the complex system.
Fig. 1 shows a general n-port network. According to the function of
the network, the ports can be divided into two parts: Part I denotes
the input port or generalized source port consisting of p ports; Part 11
denotes the output port or generalized load port consisting of g ports.
Here n =p+q.

)
Port I: Port 11
) <D

Figure 1. A n-port lossless block network.
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According to the lossless unitarity (1), we can obtain the
determinant of (1) as

|det [S]| =1 (8)
Using the function division above, we have in the form of the block
matrix:
br | _ | St St ar )
br Snt Snn ar

where St 1 and Spp 1 are the p X p and ¢ x ¢ square matrixes, and St 11
and Sy 1 are the p X ¢ and ¢ x p arbitrary matrixes. Using (1) we can
obtain three independent equations similar to (2) as

SI+ISII+SIJ—IFISHI :Ip
SinSin+ Si S =1 (10)
SrISIH+S;[_ISHH =0p 4

2.1. Generalized Modulus Symmetry

Similar to the derivation process in [9], introducing matrix [U]

o= 51 %] (1)

and left multiplying [S] by [U]T, we can get

StSi1 SHSin }

U] [5] = [ g Spst

(12)
By calculating the determinant of (12), we can obtain

det S+ det[S] = det { St S 1;— SiSmr SHStm+ Sh St ]

mI St
—det| Jr Qo | — qet[Su o] (13)
a Snm1 Soum | i

Considering (8), we can get [9]

|det ST I| = |det St H‘ (14)
Eq. (14) is the generalized modulus symmetry. Note that in general
cases St 1 and St 11 are the square matrices of different orders.
2.2. Generalized Spurious Reciprocity

The definitions of the inverse matrixes have two kinds of forms, i.e.,
the left inverse and right inverse. Due to the definition of the unitarity
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matrix similar to that of the inverse matrix, we have the other form of
the lossless unitarity except (1) [9]

[S][81" = 1] (15)
Eq. (15) can be expanded as
StiSi+ SinSiy =1,
SmiSy+SunShn =1, (16)
SHISII+SHHSIH =04 p

By left multiplying the third equation in (10) by Sty 1 and considering
the third equation in (16), we can get

St S St = S 1S5y 1S 1 (17)
Taking the determinant of (17), we have

det (S;";S1 1) = det (S 157 ;) (18)
Similarly, we also obtain

det (SI HSIJFH) = det (Sﬁr 1St 1) (19)

Here (18) and (19) denote the generalized spurious reciprocity. Note
that (18) is not equivalent to (19), because St 11S;p; is a p-order square

matrix, whereas SI+ nS1 1 is a g-order square matrix. When p is equal
to g, we further have from (18) and (19) [7]

|det St 1| = |det Sty 1 (20)
In addition, according to (10) and (16) we also get
StnSi — S St = S St — S115; (21)
StgStm — S 1St 1 = Su St g — S 1S 1 (22)
Therefore, only if
St =SSt (23)
St St g = St pSu (24)
we can get
StnSig = S 1St (25)
SinStm = SuiSy (26)

In this scenario, we can clearly see the reciprocity in (25) and (26).
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2.3. Determinant of Lossless Network det[S]

Assume
det S11= ]det St I‘ AP et Stm= |det St 1'[‘ AR (27)
Substituting (27) and (14) into (13), we can obtain

det [S] = eJ (@1 1+Pm 1) (28)

Eq. (28) indeed is the generalization of the determinant of the two-
port lossless network. In order to further express det[S] using the
block matrix, we introduce the block inverse matrix of S

st =] | (29)
in which
Ri1= (St1— St nSy'ySu I)_l (30)
Rin= (Sun—SniSi;Si H)_l (31)
Considering the lossless condition, i.e., [S]™* = [S]", we have
Rr1 = S (32)
Rnn = Sig (33)
When p = ¢, we can obtain
St (S H)fl =S 1S — St 1Sn 157 151 n (34)
By taking the determinant of (34) and considering
det [Si1 (Sf ) | = /Pt (35)
we can derive det [S] of the lossless network in the case of p = ¢, namely
det [S] = det [St 1Su n — St 150 157151 1] (36)
Similarly, we can also obtain
det [S] = det [St 1St i — St 1Sy S 15m 1] (37)

Egs. (36) and (37) are the block matrix expressions for det[S] of the
lossless network when p = q.
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2.4. Generalized Characteristic Phase ®

The generalized characteristic phase of the lossless network is
meaningful only when p is equal to ¢. In other words, when St 1 and
St 1 are square matrices, there is a generalized characteristic phase.
Assuming

det Si 1 = |det ST H| AP det, Sni= |det ST 1| AL (38)
the determinant of the third equation in (16) can be expressed as

|det STt I| \det St I‘ €j((pn =% — |det ST H| |det St H| ej((bn n=%1 1)
(39)
Noticing the phase term in (39), we can define the generalized
characteristic phase ® as [9]

o= (@rpn+eny)—(Pr1+ @) =+7 (40)

It can be seen from (40) that the n-port lossless network has the
constant generalized characteristic phase.

If we take into further consideration the magnitude of (39), we
can get the generalized spurious reciprocity (20) in the case of p = g.
Note that it is an inevitable consequence of the lossless phase property
in the case of the generalized modulus symmetry. According to (40),
we further have

det [S] = _ed(®1 mt+®m 1) (41)
Moreover, det [S] can be expressed as in terms of the block matrix
1 detSp1 det Sy

det [S] (42)

= et
|det St 1|* + |det Sy ] det S det S 11
Note that the valid condition for (42) is p = q.

3. PERFECT MATCHING CONDITION

For an n-port lossless network, the load network [I'z] is connected with
the Port II, as shown in Fig. 2. According to (9), we have

ang = I'pb (43)

Denoting
bI = Spa1 (44)

where S), is a p-order matrix and can be considered as the generalized
reflection at the Port I of the block network. We can easily get

Sp="St1+ S (I, — Sn n) " S (45)
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Port 1 °

Figure 2. Perfect matching problem for an n-port lossless block
network.

The perfect matching condition for the n-port lossless network becomes

Sp =0, (46)
In this case, (45) can be rewritten as
_ -1
Si1==Sin(l;' —Snn) Sur (47)
By solving (47), we can obtain the perfect matching condition
Pp={Snm— (SniSi ) (SiuSiSi ) (SfnSim)} ™ (48)
Especially when p = ¢, (48) becomes
_ -1
Ty ={Snnu—SuiS;{Sin} (49)
According to (31) and (33), we can finally get
I'y=S8tn (50)

Eq. (50) is the generalization of the perfect matching condition of the
two-port lossless networks. Note that for the square matrix of p = ¢,
if independent load I'y, is a diagonal matrix, S must also be a
diagonal matrix so that the perfect matching problem can be achieved;
on the contrary, when there are some non-diagonal elements in S 1,
the perfect matching condition requires that I'z, should include some
non-diagonal elements. However, the problem becomes very complex
for the case of p # ¢q. Detailed examples will be discussed in Section 5.

4. CONSTANT LOSSLESS PROPERTY OF
GENERALIZED BLOCK PARAMETER |[S]

In order to easily study the large complex system, the origin parameter
[SO] is generally extended to the generalized parameter [S]. The origin

parameter [SO] is defined as

"] = [5°] [a] (51)
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where [ao] and [bo] at Ports I and II are normalized according to
impedance [Ip] and [I,], respectively. Specifically, we can get

1
af =5 (Vith)  b=5Vi-h) (52)

al>
1
2
0 1 o 1

an = 5 (Va+In)  bn=5 (Vi —In) (53)
Note that the Voltages and currents at Ports I and II have been

normalized according to the characteristic impedance of the system.
The extension of [SY] to [S] can be made using

(6] = [S][a] (54)

in which [a] and [b] at Ports I and II are normalized according
to arbitrary complex diagonal impedance matrices [Z,] and [Zp],
respectively. They can be expressed as in terms of the voltages and

currents
{ ar = % (VI + ZgII) [ Re (Zg)]il (55)
1
2

1 ) -1
am = 5 (VH + ZLIH) [ Re (ZL)} (56)
b = L (Vi — Z3 1) [ Re (ZL)} -
Considering (51)~(56) and assuming
S S
= g g | m= g gl e

(5] can be expressed as in terms of [S7]
Sii= :(I — S0 T,) = S0uTy (I — 8% uTr) ' TSy 1}
|(SPr=T3) + S0l (1= S ule) ™ Sk [e772] (58)
St = :(I — S8 ) = 89 Ty (1= S T,) " Tps? H}
[(S% = T5) + 8% Ty (I = SPTy) ™" 8] [e21]  (59)
= [T 0] [(-8im,) - $0ars -k arn) s
S0y (I = Sh )~ [\/1 - Fﬂ |eiteten)] (60)
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_ -1
Sti= [ L- |FL\2] {(I_S% uln) =% Ty (1=5PTy) ™ 11LSIOH}

SY (I - SIOIFQ,)‘1 {\/1 — |1“g|2] [e—j(%wm] (61)

where the source reflection matrix of p-order I'y and load reflection
matrix of g-order I';, are

Iy = (ZQ_I)(ZQ+I)_1:(Z9+I)_1(ZQ_I) (62)
L= Zy—0)(Zy+D) = (Zy+1) (2, - 1) (63)
and

[, /Re (zg)] Z,+ 17! = { 1— |rg|2] [e79%s] (64)
[ Re (ZL)} (Zp+17" = [ 1— |PL\2] [e=d%r] (65)
(Zg+ 1) (Z; +1) = [e77%9) (66)
(Ze+ D)7 Zp+1) = [e77%] (67)

in which

[m]:diag[\/l_\rgﬂ? V10l o /1=, ] (68)
VIR =i [P P iR o9

[e—js@g] — diag[ e Pl eTIPe2 | e~ IPep } (70)
[e77%L] = diag [ e~d¥11 e7derz . e7iera | (71)
Zyi = Rgi + j Xy
gi - gz_l )%Zgz i=1,2,...,p (72)
Pgi = tan 1+Ry;

{ ZLm = RLm +jXLm

Note that both the source reflection matrix and load reflection matrix
are diagonal matrices. When origin parameter [S°] is a lossless
network, parameter [S] must also be a lossless network, which can
be proved by considering the energy conservation relation (the input
power at Port I equal to the output power at Port IT) and (55) and (56).
This is referred to the invariable lossless property in the generalized
block matrix.
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5. APPLICATION EXAMPLE

In this section, the generalized modulus symmetry and the perfect
matching condition for a completely symmetric reciprocal three-port
network are discussed, as shown in Fig. 3.

The S parameter of the three-port lossless network can be written

a fp
[S]Zlﬁ a ﬁ] (74)
BB «

in which a = |a| e/~ and 3 = |3]e/¥5. Here we let

Sii=a suu=|§ 0] sia=18 A1 swi=18 8" ()

as

In this case, the unitarity becomes
|O‘|2+2|ﬁ|2 = 12 (76)
af* +a*B+18"=0
According to the second equation of (76), we can obtain
_ 18]
2]al
It is easily seen from (77) that |3|/2]a| < 1.

cosf = cos (po — ¢p) = (77)

5.1. Case 1. Generalized Modulus Symmetry

According to (75), we have
|det St 1|=]al (78)

det { 5 . H:V ol + 181" = 2[af? ] cos 26 (79)

|det St H‘:

©

Port 1

o—

(| [S] Port 11

©

Figure 3. A three-port lossless completely symmetric reciprocal
network.
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Considering cos 20 = 2cos?§ — 1 and (77), we can get

det St n| = \/lal* +2Jaf? |5 (50)
Substituting the first equation of (76) into (80), we can obtain
|det Str 11| = |« (81)
Hence, we get the generalized modulus symmetry, i.e.,
|det [St 1]| = |det [St | (82)

5.2. Case 2. Perfect Matching Condition

The perfect matching problem for the completely symmetric reciprocal

three-port network is shown in Fig. 4. Assume that two independent

loads I'z2 and I'p3 are connected with Ports 2 and 3, respectively.
According to (45), we know

Sm==5S1+Su (' — Su H)_ISHI (83)
where
| T2 O
- e (54)

Substituting (84) into (83), we can obtain

B2 (T2 +Tps) +262 (8 — a) Tl

Sm = a+
m (1 —al2) (1 —al'ps) — BTl

(85)

For simplicity, we let
I =Tro="Tr3 (86)

@

r

L2

S =0 [S]

r

@ L3

Figure 4. Perfect matching problem for a three-port lossless
completely symmetric reciprocal network.
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Therefore, the perfect matching condition I';, = S, = 0 becomes
[a (0 =% +282 (B— )] T +2 (2 —a®) i +a=0  (87)

This is a quadratic equation of one variable. For example, we choose

{ gzég (88)

3

It is worthwhile pointing out that the assumption in (88) must satisfy
the unitarity of the S matrix. Substituting (88) into (87), we have

Ipp=—3
89
{ INDES (89)

Here only I’ is kept, because I'js makes the denominator of (85) equal
to zero. So when the perfect matching condition is achieved, we have
1
Ipo=T13= 3 (90)
Note that in this example p is not equal to q. Therefore, [I'z] is a
diagonal matrix although there are non-diagonal elements in Sty 11.

6. CONCLUSION

It is a problem worthy of much research effort to reflect the
Hermite symmetry of the lossless network in the block form. The
inherent lossless property lies in the energy conservation. Reflecting
on the network, this kind of conservation includes not only the
magnitude conservation but also the phase condition, which reveals
zero interaction term of the energy in depth.

The block network is a very important tool in the analysis of
the large complex systems. In reality, it groups the ports of the
same function as a whole, which is called as the function division.
In this scenario, various properties of the two-port networks can be
generalized including the generalized modulus symmetry, generalized
spurious reciprocity and constant generalized characteristic phases.

It is worthwhile pointing out that this paper not only concentrates
on the theory development, but emphasizes the practical application
background. For example, the problems about maximum power
output in the large complex systems can be converted into the perfect
matching problems or best matching problems. In this way, the origin
problems become clearer and more concise. Further results will be
reported in other papers.
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