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A Novel Balanced-to-Balanced Differential-Mode Negative Group
Delay Microwave Circuit with Excellent Common-Mode Suppression
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Abstract—A novel balanced-to-balanced differential-mode negative group delay (NGD) microwave
circuit with excellent common-mode suppression is proposed. The proposed circuit consists of two
sections of coupled lines, six transmission lines, and four open-circuited stubs. The coupled lines
combined with the open-circuited stubs produce the NGD characteristic, which is connected by the
λ/2 transmission lines to form a balanced structure for excellent common-mode suppression. To verify
the proposed balanced circuit, a microstrip circuit prototype with a center frequency of f0 = 1.0GHz is
designed, fabricated, and measured. When the prototype is excited in differential mode, the measured
NGD time at f0 is −3.45 ns with an NGD bandwidth of 16.6MHz (991.7–1008.3MHz), insertion loss
of less than 2.88 dB, and return loss of more than 11.7 dB. Furthermore, the measured common-mode
suppression is greater than 41 dB in the NGD band.

1. INTRODUCTION

When developing today’s increasingly complex microwave circuits and systems, engineers must contend
with two issues: common-mode noise and signal crosstalk [1]. Balanced circuits can offer considerable
immunity to environmental noise and broadband common-mode suppression (CMS) capability in
comparison to conventional single-ended circuits [2]. Therefore, balanced microwave devices, such
as the balanced power divider [3], balanced duplexer [4], and balanced coupler [5], have been
widely adopted. Furthermore, because positive group delay (PGD) causes long delays and signal
distortion, high-quality signal transmission demands attention to both anti-interference capabilities
and signal phase characteristics. Negative group delay (NGD) circuits [6–10] are a useful technique to
compensate for PGD and diminish the passband group delay’s fluctuation [11]. And NGD circuits have
improved feedforward amplifier efficiency [12], produced NGD characteristics in power dividers [13] and
couplers [14] to minimize the effect of the PGD of traditional circuits, eliminated phase variation with
frequency in broadband constant phase shifters [15], etc. Nevertheless, to the authors’ knowledge, only
a small portion of the noteworthy work completed so far is on balanced NGD microwave circuit [16–19].

Recently, a balanced-to-unbalanced (BTU) NGD power divider has been proposed [16]. However,
the CMS of this BTU power divider is sacrificed in order to achieve the NGD feature, which has a
weak common mode to single-ended suppression of less than 15 dB. Compared with [16], the CMS of
the BTU NGD power divider has been improved in [17]. However, it must contend with the issues
of high insertion loss (IL) and poor isolation. In response to the demands for fully-balanced system
application, two balanced-to-balanced circuits integrated with differential-mode NGD properties have
been proposed in [18, 19]. The additional lumped resistors needed for generating NGD and lower CMS
of this circuit [18] indicate that there is more space for improvement. The transmission lines used
in [19] are incompatible with commonly-used microstrip lines due to the design reliance on double-sided
parallel strip lines. Therefore, it is required to provide a fully balanced NGD microwave circuit with a
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fully distributed microstrip structure since this type of structure has the advantages of flexible design
and simple manufacture.

In this paper, a novel balanced-to-balanced (BTB) differential-mode NGD microwave circuit, using
a fully distributed structure, is proposed. The benefits of a simple microstrip structure, an excellent
CMS, and a good NGD effect are all combined in this design. The theoretical derivation of the scattering
matrix is carried out on the circuit topology. The parameter analysis and experimental results of the
circuit design are given.

2. CIRCUIT TOPOLOGY AND THEORY ANALYSIS

Figure 1 depicts the schematic diagram of the proposed BTB NGD circuit, which has two balanced
ports, A and B. The balanced port A is composed of ports 1 and 3, and the balanced port B of ports 2
and 4. This structure contains four transmission lines with an electrical length of θ, four open-circuited
stubs with an electrical length of π/4, and two transmission lines with an electrical length of π, and
the above characteristic impedances are all Z0. This structure also includes two coupled lines with
an electrical length of π/2. The even- and odd-mode characteristic impedances of the coupled lines
satisfy (1).

Z2
0 = Z0eZ0o (1)

Figure 1. Schematic of the proposed BTB NGD microwave circuit.

The scattering parameters for the mixed mode under Figure 1’s topology are provided in (2).

SddAA =
(S11 + S33 − S13 − S31)

2

SddBA =
(S21 − S23 + S43 − S41)

2

SccAA =
(S11 + S33 + S13 + S31)

2

SccBA =
(S21 + S23 + S43 + S41)

2

(2)

The proposed BTB NGD circuit is horizontally symmetric, which can be rigorously analyzed using
the even- and odd-mode method. As indicated in Figure 2, the circuit can be divided into two two-port
networks. The mixed scattering parameters of the balanced topology, as shown in Figure 1, and the
scattering parameters of the two-port topology, obtained using the odd-even mode analysis method, as
shown in Figure 2, have the following relationship (3).

SddAA = S11o

SddBA = S21o

SccAA = S11e

SccBA = S21e

(3)
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(a) (b)

Figure 2. Even- and odd-mode sub-circuits of the proposed BTB NGD microwave circuit. (a) Odd-
mode, (b) even-mode.

where S11o and S21o represent the reflection and transmission coefficients of the odd-mode topology,
respectively. S11e and S21e represent the reflection and transmission coefficients of the even-mode
topology, respectively.

According to (3), the differential-mode group delay is related to the scattering parameter S21o.
Considering that the derivation processes of the odd-mode topology and even-mode topology are the
same, the following only derives the scattering parameter of the odd-mode topology and does not repeat
the derivation of the even-mode topology.

According to microwave theory, the S-parameter matrix of an ideal 90◦ coupler is expressed as

[S]CL =


0 −j

√
1− k2 k 0

−j
√
1− k2 0 0 k

k 0 0 −j
√
1− k2

0 k −j
√
1− k2 0

 (4)

It is assumed that the open-circuited stub with an electrical length of π/4 and the short-circuited
stub of π/2 are lossy. The loss is set to parameter a. The transmission lines with electrical length θ are
lossless structures, including the delay effect with the following parameters.

aπ/2 = a2π/4

xπ/4 = e−jωτ1

xπ/2 = e−jω2τ1

xθ = e−jωτ2

(5)

where τ1 is the time delay of the transmission line with an electrical length of π/4, and τ2 is the time
delay of the transmission line with an electrical length of θ.

The input impedance of the open-circuited stub and short-circuited stub can be expressed as [8]

Z =


Z0

1 + a2x2

1− a2x2
if ZL = ∞

Z0
1− a2x2

1 + a2x2
if ZL = 0

(6)

According to the circuit theory, the ideal S-parameter matrix at three ports (®¯², °±³) is defined
as

[S]T =


−1

3

2

3

2

3
2

3
−1

3

2

3
2

3

2

3
−1

3

 (7)
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From (4)–(6), we can get the two-port S-parameter matrix of the coupled line part.[
b7
b8

]
=

[
S77 S78

S87 S88

]
×

[
a7
a8

]
(8)

with 

S77 =
a2π/4x

2
π/4ζ

2

1 + a4π/4x
4
π/4ζ

2
0

S87 =
−jζ0

(
1 + a4π/4x

4
π/4

)
1 + a4π/4x

4
π/4ζ

2
0

S77 = S88

S87 = S78

(9)

where ζ = k, ζ0 =
√
1− k2.

From (5)–(7), we can get the two-port S-parameter matrix of the three-port part.

[
b3
a7

]
=


a2π/2x

2
π/2 + 1

a2π/2x
2
π/2 − 3

2a2π/2x
2
π/2 − 2

a2π/2x
2
π/2 − 3

2a2π/2x
2
π/2 − 2

a2π/2x
2
π/2 − 3

a2π/2x
2
π/2 + 1

a2π/2x
2
π/2 − 3

×
[
a3
b7

]

[
b5
a8

]
=


a2π/2x

2
π/2 + 1

a2π/2x
2
π/2 − 3

2a2π/2x
2
π/2 − 2

a2π/2x
2
π/2 − 3

2a2π/2x
2
π/2 − 2

a2π/2x
2
π/2 − 3

a2π/2x
2
π/2 + 1

a2π/2x
2
π/2 − 3

×
[
a5
b8

]
(10)

The two-port S-parameter matrix of a lossless transmission line with an electrical length of θ is
expressed as 

[
b1
a3

]
=

[
0 xθ
xθ 0

]
×

[
a1
b3

]
[

b2
a5

]
=

[
0 xθ
xθ 0

]
×

[
a2
b5

] (11)

Combining (8)–(11), we can get the two-port S-parameter matrix of odd-mode topology as

[
b1
b2

]
=

[
S11 S12

S21 S22

]
×

[
a1
a2

]
S11 = x2θ

(
g24 − g23

) [
g3

(
g22 − g21

)
+ g1

]
− g23g1 + g3

g23
(
g21 − g22

)
− 2g1g3 + 1

S21 = x2θ
g2g

2
4

g23
(
g21 − g22

)
− 2g1g3 + 1

S11 = S22, S12 = S21

(12)

with 
g1 =

a2π/4x
2
π/4ζ

2

1 + a4π/4x
4
π/4ζ

2
0

, g2 =
−jζ0

(
1 + a4π/4x

4
π/4

)
1 + a4π/4x

4
π/4ζ

2
0

g3 =
a4π/4x

4
π/4 + 1

a4π/4x
4
π/4 − 3

, g4 =
2a4π/4x

4
π/4 − 2

a4π/4x
4
π/4 − 3

(13)
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From (12) and (13), the modulus of S21 can be expressed as

|S21 (ω)| =

√
R2

1 (ω) + I21 (ω)

R2
2 (ω) + I22 (ω)

(14)

with 

R1 = −4ζ0

3∑
i1=0

a4i1mi1 sin(4i1τ1ω + 2τ2ω)

I1 = −4ζ0

3∑
i1=0

a4i1mi1 cos(4i1τ1ω + 2τ2ω)

R2 =


9 +

6∑
i2=1

pi2a
2i3 cos(2i2τ1ω)+

ζ20 + ζ20

6∑
i2=1

qi2a
2i3 cos(2i2τ1ω)



I2 =


6∑

i2=1

−pi2a
2i4 sin(2i2τ1ω)+

ζ20

6∑
i2=1

−qi2a
2i4 sin(2i2τ1ω)



(15)

and 
m0 = 1,m1 = −1,m2 = −1,m3 = 1

p1 = 6, p2 = −5, p3 = 4, p4 = 3, p5 = −2, p6 = 1

q1 = −6, q2 = 11, q3 = −4, q4 = −5, q5 = 2, q6 = 1

(16)

The transmission phase of the topology is expressed as φ(ω) = ang[S21(ω)], which can be derived
from the transmission coefficient expression introduced in (12) and (13), and the detailed expression is
expressed as

φ (ω) = φ1 (ω)− φ2 (ω) (17)

with 
φ1 (ω) = arctan

I1 (ω)

R1 (ω)

φ2 (ω) = arctan
I2 (ω)

R2 (ω)

(18)

According to the expression of the transmission phase, the definition of the expected group delay
can be expressed by

τ (ω) =
−∂φ (ω)

∂ω
= τ2 (ω)− τ1 (ω) (19)

with 
τ1 (ω) = −∂φ1 (ω)

∂ω

τ2 (ω) = −∂φ2 (ω)

∂ω

(20)

Combining the obtained (14)–(18), we can get the complete expression of group delay.

τ (ω) =


I ′2 (ω)R2 (ω)− I2 (ω)R

′
2 (ω)

R2
2 (ω) + I22 (ω)

−I ′1 (ω)R1 (ω)− I1 (ω)R
′
1 (ω)

R2
1 (ω) + I21 (ω)

 (21)



66 Wang et al.

with 

R′
1 = (−16i1τ1 − 8τ2) ζ0

3∑
i1=0

a4i1mi1 cos(4i1τ1ω + 2τ2ω)

I ′1 = (16i1τ1 + 8τ2) ζ0

3∑
i1=0

a4i1mi1 sin(4i1τ1ω + 2τ2ω)

R′
2 =


−2i2τ1

6∑
i2=1

pi2a
2i3 sin(2i2τ1ω)−

2i2τ1ζ
2
0

6∑
i2=1

qi2a
2i3 sin(2i2τ1ω)



I ′2 =


−2i2τ1

6∑
i2=1

pi2a
2i4 cos(2i2τ1ω)−

2i2τ1ζ
2
0

6∑
i2=1

qi2a
2i4 cos(2i2τ1ω)



(22)

and 
m0 = 1,m1 = −1,m2 = −1,m3 = 1

p1 = 6, p2 = −5, p3 = 4, p4 = 3, p5 = −2, p6 = 1

q1 = −6, q2 = 11, q3 = −4, q4 = −5, q5 = 2, q6 = 1

(23)

Based on the above analysis, a circuit is designed in order to verify the proposed BTB NGD circuit.
Parameter analysis, simulation, and test results will be introduced in the next section.

3. PARAMETER ANALYSIS AND EXPERIMENTAL VERIFICATION

Through the analysis in Section 2, in the differential-mode (i.e., odd-mode) topology, the half-wavelength
transmission line is equivalent to a quarter-wavelength short-circuited transmission line, so the proposed
circuit achieves differential-mode transmission. In the common-mode (i.e., even-mode) topology, the
half-wavelength transmission line is equivalent to a quarter-wavelength open-circuited transmission line;
therefore, the proposed circuit achieves common-mode rejection. Based on the above analysis, the
following will analyze the influence of the characteristic impedance of the half-wavelength transmission
line on the common-mode suppression. Besides, the coupled line part is used to generate NGD
characteristics, so a parametric analysis will also be performed on the coupling level and the electrical
length of the coupled lines.

The first thing to analyze is the influence of the characteristic impedance Z1 of the half-wavelength
transmission line on the proposed BTB NGD circuit. As can be seen from Figure 3, the characteristic
impedance Z1 chiefly affects the CMS bandwidth. When the characteristic impedance Z1 decreases from
75 to 25Ω, the bandwidth for 30-dB CMS (i.e., |SccBA| < −30 dB) increases, and the differential-mode
NGD at the center frequency f0 of 1.0GHz increases from −4.659 to −4.331 ns. At the same time, the
differential-mode return loss (or |SddAA|) at f0 has no change.

Figure 4 gives the effect of the coupling level k of the coupled lines on the performances of the
proposed BTB NGD circuit. With the change of the coupling level of the coupled lines, the CMS
(|SccBA|) remains unchanged. When the coupling level increases from −19 to −17 dB, the differential-
mode NGD at the center frequency changes from −3.303 to −4.912 ns with |SddAA| increased from
−14.2 to −11.1 dB and |SddBA| decreased from −2.0 to −3.0 dB. Thus, there is a trade-off among the
differential-mode NGD, return loss, and insertion loss.

The effect of electrical length θc of the coupled lines on the proposed BTB NGD circuit is introduced
in Figure 5. When the electrical length θc increases from 80◦ to 100◦, the NGD center frequency falls
from 1.059 to 0.947GHz with minor changes of differential-mode NGD, return loss, and insertion loss
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(a) (b)

Figure 3. Effect of Z1 on the performances of the proposed BTB NGD microwave circuit. (a)
Differential-mode group delay. (b) Mixed-mode S-parameters.

(a) (b)

Figure 4. Effect of k on the performances of the proposed BTB NGDmicrowave circuit. (a) Differential-
mode group delay. (b) Mixed-mode S-parameters.

at NGD center frequency. Also, the electrical length θc of the coupled lines has a negligible effect on
the CMS.

In order to experimentally demonstrate the previous theory and analysis, a BTB NGD microstrip
circuit with a center frequency f0 of 1.0GHz is designed. The circuit is implemented on an FR4 substrate
(relative permittivity εr = 4.4, thickness h = 1.5mm, and dielectric loss tangent tan δ = 0.02). The
optimal dimensions must consider the discontinuous interface, dielectric loss, and the limited metal
conductivity of the microstrip lines. Therefore, the final dimensions are obtained through HFSS
electromagnetic simulation and are given in Table 1. The circuit prototype is shown in Figure 6.
The overall size is 0.43λg × 0.58λg.

Figure 7 gives simulated and measured group delays and mixed-mode S-parameters of the proposed
BTB NGD circuit. At the center frequency of f0 = 1.0GHz, the measured differential-mode NGD time
is −3.45 ns. The fractional bandwidth (FBW) for differential-mode group delay less than 0 ns is 1.66%
(0.9917–1.0083GHz). As shown in Figure 6(b), the measured insertion loss of the common mode (i.e.,



68 Wang et al.

(a) (b)

Figure 5. Effect of θc on the performances of the proposed BTB NGD microwave circuit. (a)
Differential-mode group delay. (b) Mixed-mode S-parameters.

Figure 6. Photograph of the proposed BTB NGD microwave circuit.

CMS) reaches 41 dB at the NGD center frequency. From 0.9 to 1.1GHz, the CMS is larger than 21 dB.
The measured return loss of the differential mode is better than 11.7 dB, and the insertion loss is better
than 2.88 dB in the NGD band. There is an acceptable difference between the measured and simulated
results, mainly due to the welding deviation of SMA connector and discontinuous interfaces in the
layout.

Usually, the NGD circuit is evaluated using the figure of merit (FOM) [17], which is defined as

FOM = |NGD(f0)| × BWNGD × |SddBA(f0)| (24)

Table 1. Dimensions of the proposed BTB NGD microwave circuit (unit: mm).

W S R L1 L2 L3 L4 L5 L6

2.85 2.1 2.85 9.0 40.4 8.0 9.1 46.1 82.1
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(a) (b)

Figure 7. Simulation and measurement results of the proposed BTB NGD microwave circuit. (a)
Differential-mode group delay. (b) Mixed-mode scattering parameter.

Table 2. Comparison with previous balanced NGD microwave circuits.

Reference
f0

(GHz)

NGD

(ns)

IL

(dB)

RL

(dB)

CMS

(dB)

NGD-FBW

(%)
FOM

Size

(λg × λg)

Use of

resistor
Type

[16] 1.8 −1.10 5.4 15.0 15.0 1.9 0.021 0.55× 0.25 Yes BTU

[17] 1.0 −2.06 7.8 25.7 37.3 4.0 0.034 0.57× 0.30 Yes BTU

[18] 1.0 −0.22 3.7 10.0 18.0 8.8 0.013 - Yes BTB

[19]
1.227 −1.60 2.49 14.5

30.8
1.47 0.022

0.41× 0.30 No BTB
1.575 −1.43 3.55 13.3 1.46 0.022

This work 1.0 −3.45 2.88 11.7 41.0 1.66 0.041 0.43× 0.58 No BTB

Comparisons with previous balanced NGD circuits are given in Table 2. Compared with [16–19],
the proposed BTB NGD circuit has excellent common-mode suppression and large FOM.

4. CONCLUSION

In this paper, a BTB NGD circuit with excellent common-mode suppression has been presented. The
coupled lines combined with the open-circuited stubs have been used to realize the NGD characteristic,
which is connected by the λ/2 transmission lines to form a fully-balanced structure for excellent CMS.
The mixed-mode scattering parameter and group delay have been derived. A 1.0-GHz prototype with
an NGD time of −3.45 ns has been designed, fabricated, and measured. The proposed BTB NGD
microwave circuit has larger CMS and FOM than the previous balanced NGD circuits. In addition, the
proposed fully-distributed circuit topology does not need any additional lumped elements and therefore
is very suitable for high-frequency/microwave balanced circuits and systems. It will shine in NGD-based
compensation technology [11, 12].
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