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A New Balanced-to-Balanced Power
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Abstract—In this paper, a new balanced-to-balanced power di-
vider/combiner is proposed. By using matrix transformation, two
three-port networks for the odd- and even-mode circuit models are
deduced, based on the constraint rules of the mixed-mode S-pa-
rameters. In order to satisfy the two required scattering matrices
simultaneously, the resistances of lumped elements, the character-
istic impedances and electrical length of transmission lines are se-
lected appropriately. Then, a planar microstrip structure is de-
signed to realize the proposed balanced-to-balanced power divider/
combiner with equal power division. The theoretical, simulated
and measured results all show a good mixed-mode performance.
In the measurement, the maximum differential-mode transmission
coefficient is —3.2 dB, the best differential-mode isolation is 47.2
dB, and the fractional bandwidth of its operating band is approxi-
mately 20.8%.

Index Terms—Balanced-to-balanced circuit, common mode, dif-
ferential mode, matrix transformation, power divider/combiner.

I. INTRODUCTION

T is well known that balanced RF circuits have more merits

for modern communication systems than their single-ended
counterparts. For example, balanced filters and diplexers show
good common-mode suppression and high immunity to noise
[1]-[4]; balanced and differentially driven antennas are not
sensitive to the perturbations of ground plane and have wide
impedance bandwidth and weak cross polarization [5]-[7]; bal-
anced amplifiers have low noise, good input and output return
losses, good linearity, and stability [8]-[10]; balanced mixers
provide good port isolation and conversion efficiency [11],
[12]; balanced oscillators can directly provide exact antiphase
signals from an oscillator without the need for external baluns
or resonators [13], [14].

Based on the balanced passive components and active
devices, a fully balanced transceiver architecture can be con-
structed with higher immunity to the environmental noise
compared with the single-ended signaling [15]. Fig. 1(a) shows
a fully balanced RF front-end, where the output power of the
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Fig. 1. (a) Fully balanced RF front-end. (b) Composite power divider/com-
biner composed of three baluns and a single-ended power divider/combiner. (c)
Diagram of a balanced-to-balanced power divider/combiner.

balanced power amplifier (PA) is delivered to the antenna array
with two balanced antenna elements and the received signal
from the balanced antenna elements are transmitted to the input
port of the balanced low-noise amplifier (LNA). It is easy to
understand that a power divider/combiner is required in this
front-end whose input and output ports are both balanced. The
configuration shown in Fig. 1(b) can be used for this purpose,
which is directly built up by three baluns and a single-ended
power divider/combiner. However, the circuit size and in-band
insertion loss may be relatively large.

Therefore, it is valuable to develop a balanced-to-balanced
or differential-mode power divider/combiner, with its diagram
shown in Fig. 1(c). The balanced ports A, B, and C are com-
posed of the single-ended ports 1 and 4, ports 2 and 3, and
ports 6 and 5, respectively. To the best of our knowledge, pre-
vious research on power divider/combiner has been mainly fo-
cused on single-ended components [16]-[18], and only a few
balanced-to-balanced power dividers have been reported until
now. In [19], a differential power divider is proposed by using
shielded broadside-coupled striplines. However, the isolation
between its differential output ports has not been considered
in the design. Thus, the component cannot be used as a bal-
anced-to-balanced power combiner.

In this paper, a new microstrip circuit is proposed to imple-
ment the balanced-to-balanced power divider/combiner. First,
the requirements of the performance of the divider/combiner
are described by the constraint rules of the mixed-mode S-pa-
rameters. Second, the two scattering matrices of the odd- and
even-mode three-port networks are derived to fulfill the con-
straint rules. Then, a six-port circuit, built up of ideal trans-
mission lines and lumped resistances, is proposed to realize the
odd- and even-mode three-port networks. At last, the proposed
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balanced-to-balanced power divider/combiner is fabricated and
measured to validate our design. The good performances of
mixed-mode power division, reflection and isolation are given
and discussed. Our proposed balanced-to-balanced power di-
vider/combiner can provide equal differential-mode power di-
viding/combining, good port isolation, common-mode rejection
and no convention between the differential- and common modes
simultaneously within a single component for the first time.

II. CONSTRAINT RULES OF A BALANCED-TO-BALANCED
POWER DIVIDER/COMBINER

A. Mixed-Mode Scattering Matrix of a Balanced-to-Balanced
Power Divider/Combiner

As shown in Fig. 1(c), the proposed balanced-to-balanced
power divider/combiner is a six-port component. Let [V %] and
[V1] represent the normalized reflected and incident wave vec-
tors, respectively, and [S**?] represents the 6 x 6 scattering ma-
trix of the proposed balanced-to-balanced power divider/com-
biner. The relationship between them can be written by

V) = [ [v7]. m

Assume that the proposed balanced-to-balanced power di-
vider/combiner is a reciprocal six-port network. Then we have
Smn = Spm, where Sy, and S,,,,, are the elements of [S*],
andm,n = 1,...,6.Inour design, the power divider/combiner
has an equal power division, which means ports 1-3 are sym-
metric to ports 4-6, i.e., [S**?] can be written by

[Sv]

[57) = [[SD] [SD]} B ®

[Sv]

O O R
Lo 0 DN o
L e T D
O R m
TR =L =2 D
TN o~ el

where [St] and [Sp] are both 3 x 3 submatrices.

When the balanced ports are defined as shown in Fig. 1(c),
the mixed-mode scattering matrix [S™"] can be obtained from
[S¥] by using the matrix transformation [20]. We have

_— de Sdc
57 =] (gl e | Ga
1 [ 2(a—d) b—c—etf b—c—et+f]
[$§3}:5 b—c—e+f g-2h+k —i+2i—1| (3b)
b—c—et+f —i+2i-1 g-2h+k |
1 0 bdc—e—f —b—c+e+f]
mggy:§ b—cte—f g—k i—1 (3c)
| —b+c—et+f —i+1 -g+k |
1 [ 0 b—c+e—f —b+c—e+f]
[5g3y:§ btc—e—f g—k —i+1 (3d)
|—b—ctetf i—1 -g+k |
([ 2(a+d)  bietetrf bicetetf]
[S§;3]Z§ btctetrf g+2h+k i42541 (3e)
bt+cte+f  i+25+1 g+2h+k
Authorized
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where the 3 x 3 submatrices [S%¢] and [S°°] indicate the dif-
ferential-mode and common-mode scattering matrices, respec-
tively, [$9¢] indicates the conversion from common mode to dif-
ferential mode, and [S°¢] indicates the conversion from differ-
ential mode to common mode. It is found that

[S5,] = [542,]" (42)
[S524] = [Sc4]" (4b)
[S553] = [S5%3] ’ (4¢)

where 7' means the transpose of a matrix.

B. Constraint Rules of the Proposed Balanced-to-Balanced
Power Divider/Combiner

In order to provide ideal performance of balanced power di-
viding and combining, the proposed component should satisfy
the following constraint rules.

1) When a differential-mode signal is fed into the balanced

port A, no differential-mode power should be reflected, i.e.,
a — d = 0, no power should be converted to the common-
mode output at the balanced ports Band C,i.e.,b+c—e—
f = 0, and the differential-mode output at the balanced
ports B and C should satisfy |b — ¢ — e + f| = v/2. From
(3d), we can also find that no power is converted to the
common-mode reflection of the balanced port A in this
case.

2) When a common-mode noise goes into the balanced port
A, no noise in the form of differential mode or common
mode should be outputted at the balanced ports B and C,
ie,b—c+e— f=0andb+c+e+ f =0.From (3¢), it
can be found that no power is converted to the differential-
mode reflection of the balanced port A in this case.

3) When the differential-mode signal is fed into the balanced
port B (C), no power should be converted into the differen-
tial-mode and common-mode reflection, i.e., g—2h+%k = 0
and ¢ — &k = 0, and no power should be transmitted to
the balanced port C (B) in the form of differential mode or
common mode, i.e., -t +2j — [ =0andi -1 =0.

4) When a common-mode noise goes into the balanced port B
(C), no power is reflected in the form of differential mode,
i.e.,, g — k = 0, and no noise in the form of differential
mode or common mode should be outputted at the balanced
port Aand C (B),ie.,b+c—e— f=0,—¢+1 =0,
b+c+e+ f=0andi+254+1=0.

Based on the above constraint rules, the following equations

are derived:

a=d (5a)
b= —c=—-e=f (5b)
|b\:§ (50)
g=h==F (5d)
i=j=1=0 (5¢)
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Fig. 2. Proposed balanced-to-balanced power divider/combiner circuit model.

C. Odd- and Even-Mode Scattering Matrices of the Proposed
Balanced-to-Balanced Power Divider/Combiner

Since the proposed six-port balanced-to-balanced power
divider/combiner is a symmetric circuit, the odd-/even-mode
method is applied for analysis. For even-mode excitation, we
have v! = vl vl = vl vl = v}, where v} is the normalized
incident wave of the nth single-ended port. For odd-mode
excitation, we have v{ = —vl, v = —vl, and vi = —ol.
Then, the even-mode and odd-mode scattering matrices are
calculated by

[Se] = [Su] + [Sp]
[So] = [Su] —[Sp].

(6a)
(6b)

Substituting the constraint rules of (5) into (6), [Se] and [S,]
can be obtained by

2¢ 0 0

[Sel=10 g g (7a)
L0 9 g
[0 26 —2b

[Sol=120 g g (7b)
| =26 g g

If we can find a symmetric six-port circuit whose even-mode
and odd-mode scattering matrices have the forms of (7a) and
(7b), respectively, a balanced-to-balanced power divider/com-
biner will be achieved.

III. REALIZATION OF THE BALANCED-TO-BALANCED POWER
DIVIDER/COMBINER

In order to realize a balanced-to-balanced power di-
vider/combiner based on the above theory, the circuit shown
in Fig. 2 is utilized. It consists of seven transmission lines and
four resistances, where #14 = fo5 = f35 = 7 at the central
frequency fy.

A. Even-Mode Circuit Model

As shown in Fig. 3, it is easy to obtain the even-mode circuit
model from Fig. 2, which is a three-port network with each port
matched to Zy. Obviously, we have [S.]11 = —1 and [S.]12 =
[Sel13 = [Se]21 = [Se]s1 = O at fo.
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Fig. 3. Even-mode circuit model of the proposed balanced-to-balanced power
divider/combiner.

The two-port ABCD-matrix between the ports 2 and 3 for the
even-mode circuit model can be calculated by

[A%‘ 333] [ 1 0} [ 1 0]
23 23 | = jeotbia 1
c® D2 i el S |

N |: cOos 923 ]Zgg, sin 923 :| |: 1 0:|
j sin #a: 1 .
P oostn | lm 1

®

Then, we have

‘ 1
Azs = CO8 923 + JZ:)SR— sin 023 (93)
3
B2 = jZy3 8in s (9b)
2% — _Jeotviz 1) s o ST TES
‘ K Zv | R)CT T
1 jCOt 6’12 1 . .
— L2 4 ) 2y sin oy + cos B
+ R3 |:< le + RQ ) 423 81N 23 + COs oy
(9¢)
: j cot 61, 1
D = (—']607“ + —) a3 8in 03 + cosfas.  (9d)
Z12 R2

The S-parameters between the ports 2 and 3 for the
even-mode model can be calculated from the corresponding
ABCD matrix [21], and the derived even-mode S-parameters
must meet the requirement of (7a). Therefore, the following
equations should be satisfied:

A% =D (10a)
B2 .
e _(C®7,=2. (10b)
Zy
Substituting (9) into (10), we will have
cot f1asinfley =0 (11a)
1 1
— — — ]sinflhb3 =0 11b
<R2 R3> S1n (723 ( )
2 RoRs
080y = —— — 11
COS Va3 ZO RQ T Rg ( C)
Zoy  Zo  Zodaa\ .
= - — = sin fa3 = 0. 11d
( Zo  Zzz  RaRs ) P (11d)

B. Odd-Mode Circuit Model

From Fig. 2, we can also obtain the odd-mode circuit model
of the balanced-to-balanced power divider/combiner, as shown
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Fig. 4. Odd-mode circuit model of the proposed balanced-to-balanced power
divider/combiner.

in Fig. 4. When the port 1 is terminated by Z;, we can calculate
the two-port ABCD-matrix between the ports 2 and 3 at f; by

[Ags Bgs] { | 0]
. < = Zio+jZo tan 812
0025 ng le(lzzo-:jzolz tanlelz) 1
cos j Za3 sin 0
inie sl
Zos A U223
Then, the corresponding elements are given by
A2 = cos a3 (13a)
B2 = jZsysin a3 (13b)
023 _ (Z12 + }ZU tan 012) COS 923 ] sin 023 (13(:)
° Z12(Zy + jZ12 tanbyo) Za3
Z j 2 tan 012) 7 Z25 sin -
ng :( 12 + jZo tan 12) j Zas sin B3 +cosfys. (13d)

Zy3 (Zo + jZy12 tanflyo)

The scattering matrix between the ports 2 and 3 for the odd-
mode circuit model is then calculated, which should meet the
requirement of (7b). Then, the following equations are derived:

sin fa3 =0 (14a)
_ Z() (Z12 + jZU.tan 0912) COSs (923 —9 (14b)

Z12 (Zo + jZ1z tan f12)

Combining (11) and (14), we can derive
fo3 =n, n=135... (15a)

1 1 2
— 4 == 15b
Ry + Rs Zy (156)
015 :mg, m=1,3,5... (15¢)
27

1o = ‘C 9. (15d)

It should be indicated that the above equations is valid only
at the central frequency.

According to (15), the three-port scattering matrices of the
even- and odd-mode circuit models at f, are derived as
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Obviously, (16a) and (16b) are special cases of (7a) and (7b),
2/4and ¢ = g = —1/2. Note

respectively, where b = —j
that the value of b also satisfies (5¢).

C. Scattering Matrix of the Balanced-to-Balanced Power

Divider/Combiner

According to (6) and (16), the scattering matrix of the pro-
posed balanced-to-balanced power divider/combiner can be de-
duced at the central frequency fy by

- WS
—3 —J71 Jz1
[Sv]=| -2 -3 -3 (17a)
i v/2 _1 _1
L) \/_2 \/2_ :
JREVS) /2
—3 Jz —J31
[Spl=| j¥& 0 0 (17b)
;2
-y 0 U
The mixed-mode S-parameters are then calculated by
[0 52 j¥2 0 0 0]
J2 0 0O 0 0 0
[Smm] — J@ 0 0 0 0 0 (18)
0 0 0o -1 0 0
0 0 0 0 -1 0
| 0 0 0 0 0 -1]

At fp, it is seen from (18) that the proposed component pro-
vides equal power division without loss, perfect matching for
each balanced port, and perfect isolation between the balanced
ports B and C when differential-mode excitation is applied;
it also provides total reflection and perfect isolation between
balanced ports when common-mode excitation is applied; and
it also guarantees that no conversion between differential and
common modes will take place.

IV. RESULTS AND DISCUSSION

A. Theoretical Results

From (15), the following can be found.

1) The characteristic impedances Z14, Z25, Z35, and Zs3 of
the half-wavelength transmission lines can be selected ar-
bitrarily, which will not affect the performance of the pro-
posed power divider at the central frequency;

2) The loaded resistances Rs and R3 only need to satisfy
(15b), whose detailed values will not affect the perfor-
mance at the central frequency.

For miniaturization and simple design, the following design

values are selected:

(-1 0 0 ]
[S]=10 -1 -1 (16a)
0 _; _gJ 01 =035 = b5 =036 =7 at fy (19a)
- T
0 _14 7@ f12 = 5 at fo (19b)
Sl = | —j¥2 -1 1 (16b) 214 =Ty = Zos = Ly = Zu (19¢)
i
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Fig. 5. Theoretical mixed-mode .S-parameters of the balanced-to-balanced
power divider/combiner prototype: (a) Sqq and S..; (b) S.q and Sg..

Based on (19), a prototype of the balanced-to-balanced power
divider/combiner is designed with the central frequency of fy =
2.0GHz . We set Z14 = Jos = Zzg = Zoz = 50 Q2. The
theoretical results are shown in Fig. 5, where the lossless trans-
mission lines and ideal lumped resistors are used. Since the bal-
anced ports B and C are symmetric, some mixed-mode S-pa-
rameters are omitted. Note that the S-parameters are identified
as Sqaap, which refers to the differential to differential mode
between ports B and A in Fig. 1, and the other S-parameters use
a similar naming system. Note that the value of Scyaa = Sacaa
is always equal to zero due to the symmetry between ports 1
and 4, and the corresponding theoretical curves are not plotted
in Fig. 5(b).

As shown in Fig. 5, the differential-mode transmis-
sion coefficient and the common-mode reflection coeffi-
cient reach their maximum of |Sg4ap| = —3.01dB and
Sceaa| = |Seep| = 0dB at fy = 2.0, respectively. All
the other mixed-mode S-parameters approach zero at f.
Comparing the magnitudes of S.; and Sy. in Fig. 5(b), we
can find that the two groups of curves have almost the same
values around the central frequency, which conforms to (4). It
can be concluded that all the requirements of the proposed bal-
anced-to-balanced power divider/combiner have been satisfied
at the central frequency.

If the value of |S44ap| better than —4 dB and the values of
Saaaal, |[Saasl, |Saascls [Scca|, |SeeBel, |ScasBl, |Seaanl,
Agc(]BC|, |SchB‘: ‘SchBL |SchC| all better than —15 dB
should be satisfied simultaneously, an operating band can be
achieved within 1.72 to 2.28 GHz, i.e., the fractional bandwidth
of about 28%. It is also seen from Fig. 5 that the curves of

Saaaal, |Scaan| and |Sgcap| are critical to determine the
bandwidth.
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Fig. 6. Critical S-parameters of the balanced-to-balanced power divider/com-
biner to determine its bandwidth for different Z,., where Z.. is in §2.

S
S 5t
i<}
3
o
g
= 20t
<
£
3
&
15 , . ,
40 60 80 100
Z_(Ohm)

Fig. 7. Fractional bandwidth of the balanced-to-balanced power divider/com-
biner with variable Z ..

The influence of characteristic impedance Z, on the frac-
tional bandwidth is further studied numerically. Three group
of curves are plotted in Fig. 6, with Z, = 25, 50 and 100 €2.
The bandwidth limited by |S.qap| and |S4.ap| under —15 dB
decreases with the increasing of Z, monotonically, while the
bandwidth limited by |S444| under —15 dB first increases and
then decreases with the increasing of Z,.. From Fig. 7, we can
find that the proposed power divider has its maximum fractional
bandwidth of 28% with 7, = 502, when the curves of | Sqqaa|,
|ScaaB| and |S4.aB| intersect at —15 dB, as shown in Fig. 6. It
should be pointed out that, if the operating bandwidth is mea-
sured by [Sgganl, |Scaan|, and |Sq.an| better than —20 dB, the
case of Z, = 44 Q will provide the best fractional bandwidth
of 19%.

At the central frequency, the half-wavelength transmission
lines in the proposed circuit are a kind of phase inverter, and
they can be replaced by any structure which can achieve 180°
phase shift. Especially, if ideal phase inverters are utilized to re-
place the half-wavelength transmission lines, the proposed bal-
anced-to-balanced power divider will have the same fractional
bandwidth as a conventional single-ended Wilkinson power di-
vider. When the phase inverters are realized by some physical
structures, the bandwidth will also be limited by their perfor-
mance. By utilizing other phase inverters with better broad-
band performance into the balanced-to-balanced power divider,
wider operating band may be achieved than this work.

B. Simulated and Measured Results

As shown in Fig. 8, the prototype is realized with microstrip
lines and surface-mounted lumped resistors and fabricated on
an F4B substrate with the relative permittivity of e, = 2.65,
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Fig. 8. Photograph of the balanced-to-balanced power divider/combiner
prototype.

the loss tangent of tané = 0.003, and the thicknesses of

h = 0.73 mm. Its critical dimensions are W; = 50.76 mm,
Wy = 195mm, W3 = 328mm, I.;, = 24.88 mm,
Ly = 2391 mm, and g = 0.5 mm. The total size is approxi-

mately 0.5 x 0.75 A2,

The six-port S-parameters are simulated by the commercial
software, Ansoft HFSS, and measured with the four-port vector
network analyzer, Agilent E5S071. Then, the mixed-mode S-pa-
rameters are extracted by using (3).

Fig. 9(a) and (b) shows a comparison between the sim-
ulated and measured transmission coefficients, reflection
coefficients, and isolation between the balanced ports B and
C for differential- and common-mode operation, respectively.
Fig. 9(c) and (d) provides a comparison between the simulated
and measured differential-to-common and common-to-differ-
ential mode conversions. Fig. 9(e) shows the magnified curves
of |SqaaBl, | Sceanl, and |S..pr|. Good agreement is obtained.

The measured and simulated zeros of |Sgusal, |SaisBl,
\Saac|, |Scaasls [Scapsl, [Seassls [Seencl, and [Scean| all
deviate from the designed central frequency of fy = 2 GHz,
which is mainly caused by the discontinuities of microstrip lines
and parasitic effect of the surface-mounted resistors. There is a
little discrepancy between the curves in Fig. 9(c) and (d) due to
the fabrication tolerance. The simulated |S.qaa| and |Sgcaal
are always better than —50 dB, while the measured ones are
better than —35 dB. The difference between the simulated and
measured results is mainly caused by the nonideal symmetry of
the fabricated prototype, which is also due to the tolerance of
fabrication and the surface-mounted resistors.

In the measurements, the maximum differential-mode trans-
mission coefficient of the prototype is |Sysap| = —3.2 dB at
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Fig. 9. Simulated and measured mixed-mode S -parameters of the prototype
(@) |Saal, (0) |Sece], (€) |Seal, and (d) |Sa.| and (e) the magnified curves of
|Saaan|,|Sccaaland|S.cnn|. Mea.: measured results. Sim.: simulated results.

2.04 GHz, the best differential-mode isolation is 47.2 dB at 2.13
GHz, and the common-mode reflection coefficients of |S.caa |
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Fig. 10. Simulated and measured the phase differences between S qsar and
Saaac of the prototype.

and |S..pp| reach their maximum of —0.16 and —0.2 dB at 2.11
and 2.06 GHz, respectively.

For the simulated results, the operating frequency band is
from 1.80 to 2.30 GHz, with a fractional bandwidth of about
25%. The measured operating band is from 1.85 to 2.27 GHz,
with a fractional bandwidth of about 20.8%, which is smaller
than the theoretical bandwidth. This is mainly due to the fre-
quency deviation, which is caused by fabrication tolerance.

Note that the referenced terminal of a differential pair can
be defined freely in this circuit. As shown in Fig. 2, when we
define the ports 2 (6) and (5) as the positive and negative ter-
minals of balanced port B (C), respectively, the phase differ-
ence between the balanced ports B and C is close to zero. The
simulated and measured phase differences of the two balanced
ports are plotted in Fig. 10, which are better than 0.1° and 0.6°
within the operating band, respectively. Obviously, if the ports
6 and 5 are defined as the negative and positive terminals of port
C, respectively, while the referenced terminal definition of port
B is kept unchanged, the proposed power divider will have an
out-of-phase power division.

V. CONCLUSION

In this paper, a new concept of balanced-to-balanced power
divider/combiner is proposed, which can replace three baluns
and a single-ended power divider/combiner in a balanced RF
front-end. First, the odd- and even-mode three-port networks of
the new six-port component are analyzed by matrix transforma-
tion and derived according to the constraint rules of its mixed-
mode S-parameters. Then, our proposed balanced-to-balanced
power divider/combiner is built up with a combination of ideal
transmission lines and resistances. Further, a prototype is re-
alized by microstrip lines and surface-mounted lumped resis-
tors to demonstrate our design. Good agreement has been ob-
tained between the simulated and measured mixed-mode .S-pa-
rameters. It is found that an equal power division and com-
bining between two balanced ports is achieved with only the
proposed component, which leads to simplified system archi-
tecture and low insertion loss. It can be expected that the new
balanced-to-balanced power divider/combiner will be valuable
in fully-balanced RF front-ends.
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