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Four-Port Microwave Networks With Intrinsic
Broad-Band Suppression of Common-Mode Signals

Wael M. Fathelbab, Member, IEEE, and Michael B. Steer, Fellow, IEEE

Abstract—Two classes of four-port microwave networks are de-
fined with discriminative even- and odd-mode transmission char-
acteristics. Design of the networks is based on filter prototypes
with predefined sets of transmission zeros and, consequently, a de-
sired response can be synthesized. A configuration consisting of
a pseudodifferential active circuit in cascade with either class re-
sults in a sub-system with high common-mode rejection ratio over
a broad frequency range. A pseudodifferential circuit implemen-
tation demonstrated low common-mode gain over a 3 : 1 operating
bandwidth ranging from 250 to 750 MHz.

Index Terms—Common-mode signals, four-port networks,
matching/filtering, pseudodifferential circuits, transmission zeros.

1. INTRODUCTION

IFFERENTIAL circuit design leads to stable, noise-tol-
D erant monolithically integrated analog circuits and is com-
patible with current-mode biasing. Symmetrical differential cir-
cuits are generally less sensitive to component variations and
when appropriately designed can reject common-mode signals,
particularly coupled noise. However pseudodifferential circuits,
as shown, for example, in the dotted box in Fig. 1(a), typically
have a unit common-mode rejection ratio (CMRR) when biased
by a pair of inductors, but will have dynamic range larger than
that of fully differential circuits as the constant current source
is mostly eliminated. A new coupled-line based biasing scheme
for pseudodifferential RF circuits leading to enhanced CMRR
was recently proposed [1]. A central attribute of coupled lines
is the ability to discriminate between odd and even modes and,
in terms of the subject of this paper, between common- and dif-
ferential-mode signals. This paper extends the biasing scheme
to one based on filter prototypes and circuit synthesis proce-
dures. In particular, two classes of four-port networks are in-
troduced that are suited to biasing differential circuits and ob-
taining broad-band common-mode signal suppression.

A sub-system schematic of a pseudodifferential circuit in
cascade with a four-port network connected to single-ended
loads Ry, is illustrated in Fig. 1. The four-port network ideally
presents distinct common- and differential-mode impedances
to the active devices and has the following properties:

¢ inherent broad-band isolation or attenuation of common-
mode signals, as well as broad-band matching of differen-
tial-mode signals;
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Fig. 1. Pseudodifferential circuit connected to a pair of single-ended loads R,
separated by a four-port inter-stage network. Drain voltage Vp p is applied at
relevant points within the inter-stage network to bias the active devices.

* provides external dc biasing to the active devices.

From a circuit synthesis perspective, the first requirement neces-
sitates that the network possesses significantly different even-
and odd-mode transmission characteristics. This is essentially
the rationale behind the solutions introduced in this paper. The
second requirement is satisfied by appropriate selection of the
set of transmission zeros of the odd-mode sub-network of the
four-port inter-stage circuit.

In Section II, two classes of microwave networks with
the aforementioned characteristics are presented, while in
Section III, each network class is, in turn, implemented and
cascaded with a pseudodifferential amplifier. Broad-band sup-
pression of common-mode signals is demonstrated.

II. FOUR-PORT INTER-STAGE NETWORKS

Presentation of the new network classes will now commence.

0018-9480/$20.00 © 2005 IEEE
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Fig. 2. Generalized topology of Class-A inter-stage network made of

two pairs of coupled lines and matching/filtering networks. (a) Physical
topology. (b) Even- and odd-mode sub-networks. (c) Even-mode prototype. (d)
Odd-mode prototype with at least one zero at dc, and a single UE.

A. Class-A Network

The first class, denoted Class A, is shown in Fig. 2(a) and
here comprises a pair of coupled-line sections connected to
a pair of matching or filtering networks. The topology of the
matching/filtering network is arbitrary and may consist of
coupled-line sections, transmission lines, and lumped compo-
nents dependent on the choice of transmission zeros required
to satisfy a particular electrical specification. Application of
the modal analysis to this structure results in the sub-networks
of Fig. 2(b) with equivalent even- and odd-mode prototypes,
as shown in Fig. 2(c) and (d), respectively. These equivalent
prototypes result because the plane of symmetry X — X'
transforms to either an open or short circuit for common- or
differential-mode signal excitations, respectively, at Ports 1 and
2. In the odd-mode effective network, differential-mode signals
are passed to single-ended loads Rj,, whereas in the even-mode
equivalent circuit, it is seen that common-mode signals do not
pass through the network by virtue of the effective series open
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circuit present in the circuit. Thus, the operation of Class-A
inter-stage networks in suppressing common-mode signals
relies on the isolating property of the microwave section shown
in the dashed box in Fig. 2(c) [6], [7]. Class-A networks also
possess short-circuited points marked b in Fig. 2(a) where
dc bias of the active devices can be applied with the use of
decoupling capacitors.

The square of the modulus of the transmission transfer func-
tion of the reciprocal odd-mode network of Fig. 2(d) may now
be defined in terms of its characteristic polynomial K (S) as

1

2 u—
|ST(S)|ODD - 14+ |K2(S)|

(D
where |S7(S)|3pp replaces [S31(S)[{pp or [S42(S)[3pp-
With the even-mode network, ideally there is no transmission
through the network and, thus, the design objective is

1S7(S)|gvExN =0 (®)

where |S1(S)[fvex replaces |S31(S) vy or [Sa2(S) [Fvex-
In (1) and (2), S is the Richards variable [5] defined as
jtan((w/2)(f/f-)), where f is the real frequency variable,
and f, is the resonant frequency of the transmission-line res-
onators. Now the square of the modulus of the CMRR of the
four-port inter-stage network may be defined as

2
CMRR(8)[2 = 157 (5lopn. 3)
157(9)|Evex

and, consequently, the resulting CMRR of the sub-system con-
figuration consisting of the pseudodifferential circuit in cas-
cade with the four-port inter-stage network [the dashed box in
Fig. 1(a)] is

(Aa(9)) - (157(S)|opp )
(Ac(9)) - (1S7(S)lgvex )

where A.(S) and A4(S) are the single-ended common- and dif-
ferential-mode gains, respectively, of the pseudodifferential cir-
cuit. For a pseudodifferential circuit, A.(S) and A4(S) are iden-
tical [1] and, thus, the sub-system CMRR is dominated by the
performance of the inter-stage network.

An example of a Class-A inter-stage network is illustrated
in Fig. 3. It consists of a 2nth-order network where 7 is the
number of resonators in either the even- or odd-mode sub-net-
works. It is seen that the nth resonators of the even-mode proto-
type [see Fig. 3(b)] are completely decoupled from each other,
thus offering optimum isolation of common-mode signals. On
the other hand the odd-mode prototype, shown in Fig. 3(c), con-
sists of cascades of short-circuited interdigital coupled-line sec-
tions [2]-[5], [7] loaded by open-circuited stubs. The odd-mode
network [4] will possess a zero at dc, n zeros at infinity, and
(n — 1) zeros at S = 1 leading to the existence of (n — 1)
quarter-wave-long transmission lines (also known as unit ele-
ments (UEs) [5]).

The general design procedure of an inter-stage network starts
with the synthesis of an nth-order S-plane odd-mode prototype
corresponding to an f-plane response with a specific passband
centered at f, with lower and upper band-edge frequencies fi,

CMRR(S) =

“)
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Fig.3. Example of Class-A inter-stage network made of a pair of appropriately
connected bandpass interdigital filters. (a) Physical topology. (b) Even- and
(c) odd-mode prototypes.

and fo, respectively, and a commensurate frequency f,.. A set of
transmission zeros selected to suit a particular electrical speci-
fication with a minimum of one zero at dc and a UE may be
chosen to generate the appropriate characteristic polynomial [4],
[10], [11] after which the square of modulus of the reflection co-
efficient of the odd-mode prototype is constructed. Based on the
assumption of a lossless system, the square of modulus of the
odd-mode reflection transfer function is, from (1),

|SR(S)|?)DD =1- |ST(S)|?)DD %)

which can be redefined in terms of K (.9) as

K (S)[”

- 6
T K9] ©

2
1Sr(S)lopp =
Sr(S) may then be found with the knowledge of

1SR()6pp = Sr(lopp * SR(=S)lopp - (D

From this, the input impedance of the odd-mode prototype can
then be derived in a 1-€2 system using

1+ Sr(S)lopp

8
= 52 onp ®)

Ziﬂ(S)|ODD =

and then synthesized using standard element extraction.

A possible source of CMRR degradation in Class-A networks
is the leakage of common-mode energy through the network.
This is particularly a concern in inhomogeneous media such as
microstrip or coplanar waveguide. To investigate this further,
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Fig. 4. Quadrature hybrid coupler. (a) Physical topology. (b) Even- and
(c) odd-mode prototypes.

consider the inhomogeneous transfer admittance of the isolating
section [the dashed box in Fig. 2(c)] [7]

cos(f.) — cos(,) _v
Zoesin(f,) cos(fe) + Zoe cos(6,)sin(f.) 229)
where Z,. and Z,, are the even- and odd-mode impedances of
the coupled lines and 6. and 6, are the even- and odd-mode
phase lengths, respectively. It is seen from (9) that the numer-
ator is zero only when the even- and odd-mode phase lengths are
equal, resulting in the equivalence of Fig. 2(c). Thus, the dete-
rioration in sub-system performance due to the inhomogeneous
media will be manifested in lower achievable CMRR since the
transmission of the even-mode network | St (S)|&y gy Will have
a finite value.

Y2 = _j

B. Class-B Network

Another four-port circuit with valuable characteristics is the
quadrature coupler of Fig. 4(a) with even- and odd-mode pro-
totypes illustrated in Fig. 4(b) and (c). The even- and odd-mode
prototypes consist typically of sections of shunt eighth-wave-
length open- and short-circuited stubs, respectively, separated
by quarter-wavelength-long sections of transmission lines of
uniform impedance Z;. Each quarter-wave transmission-line
section may then be split into two equal sections and the re-
sulting ABC' D matrix of a cascade pair of eighth-wavelength
transmission lines is

S 2
[A B} _ 1 1=
¢ D V1-— 52 7S 1Z
25
1 1 2 =
=18 7 (10)
- 27,8 14 82
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From (10), it is seen that the resulting matrix is invariant with
respect to the transformation

S—>l

5 Y

except for a change of sign [8]. This leads to a very interesting
property. The above implies that the odd-mode prototype of
the coupler can be driven from its even mode, and vice versa,
by simply replacing the open-circuited stubs by short-circuited
stubs [8]. Now in the S-plane, the even- and odd-mode proto-
types have low-pass and high-pass responses, respectively. In
the f-plane, the low-pass and high-pass responses become pe-
riodic functions with bandstop and bandpass responses, respec-
tively, at the center frequency f,. Thus, over a frequency band
centered at f,, the even-mode network suppresses common-
mode signals, while the odd-mode prototype passes differential-
mode signals. Thus, the CMRR of this network has the relation-
ship already defined in (3). In this case, the square of modulus
of the even-mode transmission transfer function |St(S)|&vEx
only dips to zero at the center of the band and, thus, the CMRR
will have a varying characteristic with enhanced performance in
the middle of the operating band.

The quadrature coupler utilized as an inter-stage network has
amaximum bandwidth ratio (f2/f1 : 1 where f; and f5 are the
passband edge frequencies) of 3 : 1 over which there is discrim-
ination of common- and differential-mode signals. This condi-
tion is satisfied only if the cutoff frequency f; of the even-mode
prototype is chosen to be

h=%5 12)
leading to an upper cutoff frequency of
f2=3f1 13)

Thus, in principle, the quadrature coupler could be used as
an inter-stage network, but in contrast to a Class-A network, it
is a low-pass structure. This structure can be modified for the
purpose of biasing active devices with the inclusion of a pair of
wide-band bias T’s [9] at the input arms. However, by proper se-
lection of the relevant set of transmission zeros, a coupler-like
network that supports dc bias can be designed. This leads to the
Class-B inter-stage network shown in Fig. 5. The generalized
odd-mode S-plane prototype of a Class-B circuit is illustrated
in Fig. 5(b) and consists of a minimum of five zeros at dc and
1 UEs, where ¢ is an even number to maintain physical sym-
metry [11]. This has the benefit of providing dc bias to other
parts of the system if required. It is now intuitive to conclude
that the even- and odd-mode sub-networks of the coupler-like
network will provide the necessary attenuation and matching
of common- and differential-mode signals. This is illustrated in
Fig. 6 for a set of synthesized Class-B prototypes with a 3:1
passband centered at 500 MHz, for various filter degrees. It is
seen that the even- and odd-mode responses are considerably
different from each other over the frequency range of interest.
The main advantage of a Class-B network is simplicity in de-
sign, control of the even-mode attenuation level, and inherent
broad-band operation. It is worth pointing out that the effective
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Fig. 6. Simulated transmission characteristics of Class-B inter-stage network
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500 MHz with a 3 : 1 bandwidth.

electrical lengths of the transmission lines forming the branches
of the coupler-like section of Class-B networks are a half-wave-
length long, whereas the branches of the true quadrature coupler
are a quarter-wavelength long. In general, Class-B networks are
particularly suited for systems operating at very high frequency,
as electrical miniaturization of a Class-B structure is not pos-
sible, as it is the case with Class-A networks.

III. EXPERIMENTAL RESULTS

Experimental implementations of the two classes of inter-
stage networks will now be presented.
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A. Implementation of a Class-A Inter-Stage Network

A pseudodifferential amplifier (HELA-10B)! was selected
and integrated with a Class-A network. The amplifier has a gain
of 11 dB and broad-band operation from 50 MHz to 1 GHz
in a 50-€2 system. The chip requires a single +12-V dc power
supply.

An odd-mode S-plane bandpass filter prototype was designed
corresponding to an f-plane response with a center frequency,
fo of 500 MHz, band-edge frequencies (f1 and f5) of 250 and
750 MHz, a commensurate frequency f, of 2 GHz, and a return
loss (RL) of 16 dB. The set of transmission zeros chosen for
this filter are three zeros at dc, three zeros at infinity, and two
nonredundant UEs. Based on this, the characteristic polynomial
K(S) of the filter prototype is constructed using a classic pro-
cedure [4], [10]. This gives

(25v1 — 52)
—56.511225885% + 0.016134665°>
—13.3962072352 + 0.0001404614.5
—0.629533102

K(s)= (14)

from which the input reflection coefficient is evaluated using (6)
and (7) leading to

—56.511225885% 4 0.01613466.53
—13.3962072352 + 0.0001404614.S
—0.629533102

56.511225885% + 23.289094953
+18.1950916352% + 3.1689416.5
+0.629533102

SR(S)|ODD =

15)

The input impedance Z;,(S)|opp was then evaluated using
(8). The synthesized prototype is shown in Fig. 7(a) in a 50-Q
system. Construction of the four-port inter-stage network is now
possible after transformation of parts of the odd-mode proto-
type to a structure made of coupled lines and lumped capacitors.
Fig. 7(b) shows the final layout.

Implementation on an FR4 board with a substrate thickness
of 62 mil (1.57 mm), relative dielectric constant of 4.7, and
loss tangent of 0.016 translate coupled-line even- and odd-mode
impedances of 276.589 and 48.69 (2 to a pair of transmission
line that are 10-mil (0.254 mm) wide and 7-mil (0.177 mm)
apart. The coupled lines are 910-mil (23.114 mm) long. These
dimensions were obtained using Agilent’s Advanced Design
Tool (ADS).2 The even- and odd-mode transmission character-
istics of the physical layout of Fig. 7(b) were measured, and
are presented in Fig. 7(c). It is clear that there is an appre-
ciable difference between the two responses, as predicted by
the theory. In the odd mode, a bandpass response of 3 : 1 band-
width ratio is observed when the even-mode isolation is at least
22 dB. The finite even-mode isolation level is primarily due
to the difference between the even- and odd-mode phase ve-
locities of the microstrip media leading to the transmission of

150-MHz~1-GHz amplifier, Mini-Circuits.
2ADS, ver. 2003A, Agilent Technol., Palo Alto, CA.
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Fig. 7. Class-A inter-stage network in a 50- system. (a) Synthesized
odd-mode prototype. (b) Physical layout loaded with lumped capacitors in
picofarads. (c) Measured even- and odd-mode transmission characteristics
of (b). (d) Measured common- and differential-mode gains of sub-system
configuration comprising pseudodifferential amplifier in cascade with the
inter-stage network.

common-mode signals through the isolating sections, as dis-
cussed in Section II. Another source of energy leakage con-
tributing to this finite isolation level is the parasitic coupling be-
yond nearest neighboring resonators leading to unwanted cou-
plings throughout the even-mode networks of the inter-stage
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network. This is particularly true since there is very weak cou-
pling between closely spaced pairs of resonators of isolating
sections giving rise to crosscoupling routes.

At this point, the pseudodifferential amplifier and inter-stage
network were integrated and the overall characteristics mea-
sured. The result is shown in Fig. 6(d). Very low common-mode
gain A, of less than —12 dB was recorded over the operating
bandwidth while a 3:1 bandwidth ratio was achieved with a
differential-mode gain A4 of approximately 10 dB. The excess
1 dB of loss is attributed to loss in the inter-stage network.
Also, it is observed that the differential-mode gain ripples over
the measured passband and rolls off rapidly toward the upper
band edge frequency, i.e., 750 MHz. This is primarily due to
the impedance-level mismatches since the measured RL of the
inter-stage circuit is only 6 dB [see Fig. 7(c)]. The deteriorated
RL was due to the restriction imposed by the FR4 board manu-
facturing process that only allowed a minimum of 7-mil spacing
between the coupled lines. To achieve a better RL, e.g., 12 dB,
a 5-mil spacing between the lines is required.

B. Implementation of a Class-B Inter-Stage Network

A Class-B inter-stage network was also designed on an FR4
board with the same specification to that used in Section III-A.
In this case, the objective is to highlight the characteristics of
the even- and odd-mode networks of a Class-B circuit without
integration with the pseudodifferential amplifier. The odd-mode
prototype was designed for an f-plane response identical to that
defined in Section III-A, but with an RL of 36 dB. Here, the
commensurate frequency f,. of the f-plane prototype coincides
with the center frequency f, since the prototype corresponds
to an S-plane high pass. The set of transmission zeros of the
odd-mode prototype of the coupler-like network are chosen to
be five zeros at dc and four UEs. The characteristic polynomial
K (S) was directly generated using [11] to give

—.32344107605'2 — 4.83196146251°
—12.433917435% + 6.3694656505°
+29.010886125% — 1.29404578052
—16.49698604

255(52 — 1)

K(S) = (16)

In a manner similar to that used previously, Sg(S)|opp and
Zin(S)|opp are constructed using (6)—(8).

Direct synthesis of the above transfer function leads to the
prototype of Fig. 8(a). Application of the appropriate Kuroda
transformations to the circuit of Fig. 8(a) results in the circuit
of Fig. 8(b). It is seen from Fig. 8(b) that the characteristic
impedance of the inner pair of shunt short-circuited stubs are of
value 33.27 (). This pair of stubs was forced to have a value of
50 Q) by application of some circuit optimization leading to a
degradation of the RL from 36 dB to approximately 15 dB with
a slight increase in bandwidth. This is acceptable since there
was a lot of RL to factor. The prototype is shown in Fig. 8(c). At
this point, the layout of the inter-stage network was constructed
from the odd-mode prototype, as illustrated in Fig. 8(d). How-
ever, the input and output sections (series open-circuited stubs
separated by a UE) are difficult to realize using microstrip
technology and equivalence to coupled lines must be made
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Fig. 8. Class-B inter-stage network in a 50-{2 system. (a) Synthesized

odd-mode prototype. (b) After application of relevant Kuroda transformations.
(c) After some circuit optimization. (d) and (e) Physical layout. (f) Measured
even- and odd-mode transmission characteristics of the circuit of (e).

leading to the final network of Fig. 8(e). Now the even- and
odd-mode impedances of values 133.741 and 41.306 2 of
each coupled-line section were then translated into physical
dimensions resulting in a width of 27 mil (0.685 mm), spacing
of 7 mil (0.177 mm), and length of 3483 mil (88.468 mm).
The width of the other transmission lines of 50, 70.047, and
83.594 Q2 were 110 (2.794 mm), 57 (1.447 mm), and 38 mil
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(0.965 mm), respectively. The lengths of all the transmission
lines were also 3483 mil (88.468 mm).

The measured even- and odd-mode transmission characteris-
tics of the inter-stage network are shown in Fig. 8(f), showing
significant difference, as expected.

IV. CoNCLUSION

This paper has presented the derivation and design procedures
of two new classes of four-port microwave inter-stage networks
that choke common-mode signals over a very broad frequency
range. The design procedure presented for the new networks
is based on the synthesis of an odd-mode matching/filtering
prototype with broad bandwidth and out-of-band rejection
levels. Subsequent integration of either class of these networks
with pseudodifferential circuits leads to dramatic improve-
ment of the sub-system CMRR over very large bandwidth.
This improvement was demonstrated experimentally. Both
classes of networks possess fundamentally different even- and
odd-mode transmission characteristics and reflect undesired
common-mode energy. Class-B networks could be designed to
posses a finite attenuation level to reject common-mode signals.
This feature does not exist with Class-A networks and basically
the rejection level of common-mode signals will depend on
how homogeneous the realization media is. Choice of which
class to use is dependent on the system application and on the
evaluated strengths of undesired common-mode signals.
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