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Negative Group Delay Phenomenon Analysis in
Power Divider: Coupling Matrix Approach

Girdhari Chaudhary, Member, IEEE, and Yongchae Jeong, Senior Member, IEEE

Abstract— This paper presents a negative group delay (NGD)
phenomenon analysis of a power divider using the coupling
matrix approach. The proposed power divider can provide an
arbitrary power division ratio with a minimal effect on group
delay variations. From the analysis, it is found that the proposed
circuit can provide positive group delay (PGD) and NGD through
different transmission paths. The NGD can be generated without
a lumped resistor and can be controlled by source-resonator
coupling and unloaded-quality factor (Q;) of resonators. For
experimental validation, power dividers with PGD and NGD
of 0.3 and —1 ns, respectively, were designed and fabricated.
The measurement results agreed well with the simulation and
the predicated values. The proposed power divider topology is
useful for the performance improvement of microwave circuits
and systems.

Index Terms— Arbitrary power division ratio, coupling matrix,
distributed topology, finite unloaded quality factor resonators,
negative group delay (NGD), positive group delay (PGD).

I. INTRODUCTION

OWER dividers have been widely adopted as basic

building components in microwave circuits and sys-
tems [1]-[4]. Power dividers have been extensively studied
over the past decades including the unequal and tunable power
division ratio (kz), circuit miniaturization, and multiband
operation [1]-[9].

Because the group delay (GD) negatively influences the per-
formance of RF/electronic circuits and systems, understanding
effect of GD has become critical for communication systems.
The GD is one of the bottlenecks in high-density electronic
circuit development. However, GD analysis of power divider
has rarely been considered in previous works, and the pos-
itive group delays (PGDs) have only been provided through
different transmission paths [10].

The GD can be investigated by examining the frequency-
dependent phase (¢) variation of the forward transmitting
scattering parameter. Using the differential-phase GD (zg)
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The presence of negative group delay (NGD) is equivalent
as an increasing phase (positive slope) with a frequency.

Modern RF wireless communication systems require highly
linear high-power power amplifiers because of the com-
plex modulation techniques that are needed to handle the
higher data rate transmissions. A predistortion method is
cost-effective linearization technique and has the advantages
of low-power consumption and simple circuit configura-
tion [11], [12]. In this technique, it is crucial to match GDs,
the magnitudes, and phases of signals simultaneously in differ-
ent paths to ensure linearity enhancement. For this purpose,
a delay element, attenuator, and phase shifter were used in
such circuits. Therefore, a power divider with predefined
NGD would be promising for the PGD compensation in the
predistortion amplifier that can eliminate the delay element and
attenuator [12], [13].

The phased-antenna arrays suffer from a beam-squinting
problem, which leads to an unwanted perturbation in direction
and shape of the radiation pattern at a certain frequency.
In [14] and [15], it is shown that the interelement GD of a feed
network should have an abnormal GD, called NGD, for the
beam-squint-free operation of the series-fed antenna arrays.

Various researchers have applied NGD circuits to design
feed networks to minimize the beam-squint problems of the
antenna arrays [14]-[18]. However, the conventional feed
networks of antenna arrays designed using NGD circuits
suffer from high insertion loss and small fractional band-
widths (FBWs). Also, in previous works, the NGD circuits and
power dividers were designed independently, which required
an additional interfacing matching network between them to
integrate the conventional NGD circuit.

Similarly, the conventional NGD circuits suffer with nar-
row NGD bandwidth and magnitude (S21) flatness [19]-[31].
While a few works have been performed for reducing signal
attenuation (SA) [32]-[34], these works still suffer from
small NGD bandwidth and the magnitude flatness problems.
To overcome these problems, researchers have attempted to
design NGD circuits using various methods such as cross-
coupling between resonators [35], increasing the number of
resonators [36], and transversal-filter topologies [37]. More-
over, except for the NGD proposed in [37], these NGD circuits
also used lumped resistor R for generating NGD, which
prevents fully distributed circuit realization.
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S: Source or input port 1

Y Ly, Ls: Output ports 2 and 3
NRN: Non-resonating nodes
R; Ry Resonators 1 and 2
with finite unloaded-quality
factor (Q,)

Fig. 1. Coupling diagram of the proposed power divider.

The coupling matrix method is widely used to design narrow
filters with different functionalities such as tunable center
frequency ( fp) and bandwidth, switchable filter from bandstop
to all-pass filter, and the bandstop to bandpass switchable
filter [38], [39]. Similarly, the coupling matrix approach is
also applied to design filtering power dividers [40].

In this paper, the power divider with predefined GDs and
arbitrary power division ratio along with the loss of NGD
circuit is investigated based on the coupling matrix approach
with the finite unloaded-quality factor (Q,) of resonators.
The proposed power divider provides PGD and NGD through
different transmission paths. This work does not require a
lumped resistor to generate NGD; otherwise, the NGD is
controlled by input—output external couplings Q, and inter-
resonator couplings between resonators.

II. MATHEMATICAL ANALYSIS

Fig. 1 shows the coupling diagram of the proposed power
divider, where nodes Ry and R, present the resonators with
finite Q,,. Similarly, nodes S, NRN, and L represent the source,
nonresonating node, and load, respectively. Therefore, S, L,
and L3 denote the input port 1, output port 2, and output port 3,
respectively. Since the proposed structure is not symmetrical,
the modified even- and odd-mode analysis can be applied
to find the S-parameters of the proposed power divider. The
general S-parameters of three-port power divider assuming the
power division ratio of 1: k2 are can be expressed in terms of
the even- and odd-mode S-parameters of subcircuits as [41]

S21 + S31
Su = —He—He =St = i), (2a)
2 ¢21 21 2 ¢31 31
S22 — k SZZe + S220 S33 — k S33e + S330 (2b)
1+ k2 1+ k2
S3ie kS3ie
WS e T iR e
k 521 _S31

where symbols e and o correspond to the even- and odd-mode
equivalent subcircuits, respectively. Here, 51211 o S%zl o S%ll > and
S%zlo represent even- and odd-mode S-parameters of the sub-
circuit between ports 2 and 1. Similarly, S%lle, Sﬁe, Sglle, and
5;31 , denote the even- and odd-mode S-parameters of subcircuit
between ports 3 and 1.
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Fig. 2. Modified even-mode excitation equivalent coupling diagrams.
(a) Between ports 2 and 1. (b) Between ports 3 and 1.

A. Even-Mode Analysis

Fig. 2(a) shows the equivalent even-mode coupling diagram
between ports 2 and 1. In Fig. 2(a), Mgn2 and Mnpp2 show the
coupling between S and NRN», and between L, and NRN>,
respectively. When the power division is assumed as 1:k2, the
equivalent normalized termination impedances of the source
and load between ports 2 and 1 are expressed [7] as follows:

3)

The coupling between the source/load and NRNs can allow
a A/4 transmission line such that the normalized character-
istic impedance is equivalent to the inverse of coupling the
coefficient. Using the equivalent even-mode coupling diagram
between ports 2 and 1 shown in Fig. 2(a), the even-mode
S-parameters of subcircuit can be found. For the matched input
and output reflection conditions (51211 e = S%zl . = 0) at fo, the
values of the normalized coupling between the source/load and
NRNj; are obtained as follows:

=14 =1

2
TSe

1 1
e = e “
1
Moz = . (4b)

Furthermore, the transmission coefficient magnitude and
associated GDs between ports 2 and 1 of the proposed power
divider at fp are determined as (5) for matched input—output
reflection coefficients

S| s3l 2,/rd MxoLo Msno
2plr=fo = 7= =
v 2,21 12 2
LR P V1K (rg, My + MRyp0)
1
= (5a)
V1 + k2
142k + /(1 +k2) +k2/(1 +k2)
Diplf=fo = . (5b)

8 fo/k2(1 + k2)

Fig. 2(b) shows the equivalent even-mode coupling diagram
between ports 3 and 1. In this subcircuit, Mgn; represents the
coupling between S and NRN;. The normalized termination
impedance between ports 3 and 1 can be expressed [7] as
follows:

L= HR)E A, =1

e

(6)

The normalized coupling Mgn; will transform normal-
ized source impedance shown in (6) to normalized NRN;
impedance that is equal to 1. Similarly, NRNy, L3, Ry, and Ry

3
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form the second-order NGD filter, of which the (N+2) x (N+
2) normalized coupling matrix is defined by

0 My 0 MniL3
—J

My My, 0
MnGp = QuA —j @)
0 Mi; My
OuA

MniL3 0 My 0

where the subscripts N1, L3, 1, and 2 are the NRN; as
input port, output port 3, the first resonator, and the second
resonator, respectively. Similarly, A is a 3-dB FBW. The
normalized coupling M1 is assumed as aMI%H, where a is
any positive number. Using equivalent even-mode subcircuit
shown in Fig. 2(b), the coupling between source (S) and NRN;

can be found as (8) for matching condition (5%11 . =0) at fo
M, i (®)

SNl = —F/—.

1+ k2

Similarly, the transmission coefficient magnitude between
ports 3 and 1 of the proposed power divider at fy is cal-
culated as (9) and (10) with matched input—output reflection
coefficients

31
kSSle

k< Ss-Nylf=fo X SNGDIr=fo
S31plr=fo = Nipws =

V14 k?

f=rfo
9

where
1
2 ré’ . MsN1

—_— = 10
(rgsMgn; +1) (o

SsNilr=fo =

2 <—gg'ﬁ + a*Mni3 My, — aMf\ln)

(MI%IILS + 1) (ﬁ + asz\ln)

2MI%II 4
+ Ou A + MN] (1 - 2aMn1L3)

As seen from (9) and (10), the magnitude of transmission
coefficient between ports 3 and 1 depends on the transmission
coefficient magnitudes of source and NRN; and NGD circuit.
Since the NGD occurs under SA condition, the insertion loss
between paths 3 and 1 increases as compared to the conven-
tional power dividers. Similarly, GD between ports 3 and 1 of
the proposed power divider at fy is further simplified as

SNGD| f=f, = . (10b)

Biplr=fo
L[ 142k
T 4f [2k\/1+—k2
n 80uMNiL3 ]
raMy, (1 — aMyiis) Q2A% — w M3
L M3 QXA + QuME 5+ Qu
wfo | [05(MF5 +1)(1+ QR A% MY,)
|:+M§I1QL,A — Q2A’ MY, (aMNi13 — 0.5)}
(1)
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Fig. 3. Modified odd-mode excitation equivalent coupling diagrams.
(a) Between ports 2 and 1. (b) Between ports 3 and 1.

where
Mni1L3

aM3, ¢\/a2M§1 (a2 + gh5) | M (@@= ) + 5]
B a?My, +ﬁ '

(12)

In (12), the positive sign is used in the case of Mn; > 0
and the negative sign is used for Mn; < 0. As seen from (5b),
the GD between paths 2 and 1 is always positive, whereas the
GD between paths 3 and 1 is negative depending on the value
of the coupling coefficient and Q, of the resonators.

B. Odd-Mode Analysis

Fig. 3 shows the equivalent circuits under odd-mode exci-
tation where normalized termination impedances of source
between ports 2 and 1 (rsz(li) and ports 3 and 1 (ré’é) are given
as

r3l =rdl =o. (13)

Since the source impedances are short-circuited, no signal
transmissions take place under odd-mode excitation. In addi-
tion, normalized isolation resistors under the odd-mode exci-
tation are given as

r2l =k 3l =1. (14)

iso iso

For simplicity, the termination impedance of NRN, and
NRN; is assumed same as rizs(l) and riSS}), which is transformed
to load impedance at ports 2 and 3 by Mn»r2 and NGD circuit,
respectively. Similarly, for the infinite isolation (S23 = 0)
between output ports, the value of the normalized isolation

resistor (riso) can be found as
Fiso = 1 + k2. (15)

To illustrate the design equations of the proposed power
divider, the synthesized results are shown in Fig. 4. To obtain
GD of —1 ns at 2.14 GHz through ports 3 and 1, the calculated
coupling matrix parameters of the proposed power divider
are shown in Table I. As observed from the synthesized
results shown in Fig. 4(a), the magnitudes of the transmission
S-parameters changed with k2. Moreover, as shown in Table 1,
the magnitude of S3; in the proposed power divider is higher
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Fig. 4. Synthesized results of power divider with different k2 and Q = 50,
A =2%, and fy = 2.14 GHz. (a) Magnitude/GD. (b) Phase characteristics.

TABLE I

CIRCUIT PARAMTERS AND S-PARAMETER MAGNITUDES FOR POWER
DIVIDER WITH NGD = —1 ns WITH Q,, = 50 AND A =2%

K| Msxi | Msna | Myora | Mi| Mais| @ | 7iso | Ssic | Snap| Ssip
0.5/1.1547(0.5773|1.4142| 0.7 |-0.734 [0.86 | 1.5(-4.77 [-3.84|-8.61
110.707010.7070| 1 0.7 1-0.734 {0.86| 2 (-3.01|-3.84|-6.85
2 (0.4082]0.8165( 1 0.7 1-0.73410.86| 3 |-1.76 |-3.84 |-5.60

S-paramter magntiudes at f;
S31c: conventional power divider, Ss1,: proposed power divider,
SZlc = Sle

than the conventional because the insertion loss of NGD circuit
is added in this path as given in (9) and (10). However, the GDs
of the different transmission paths (727 and 731) are almost
constant and independent of k.

Fig. 4(b) shows the synthesized phase characteristics of the
power divider. In this result, the phase slope of S is negative
whereas the phase slope of S31 is positive and does not change
with k2. Similarly, Fig. 5 shows the synthesized input—output
return losses (S;;) and isolation ($>23) between the output ports
for different k2. As shown in Fig. 5, the input—output ports are
matched and the infinite isolation ($23) between output ports
at the fo is obtained for all values of k2.

To illustrate the effect of Q, on the magnitudes of the
transmission coefficients and GDs, the synthesized results are
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Fig. 6.  Synthesized magnitude/GD results with k2 =2, My = 0.70,
My = aMI%I, and different values of Q.

shown in Fig. 6 for different Q,. In this simulation, the
circuit parameters are assumed as fo = 2.14 GHz, k2 =2,
M1 = 0.70, and M1 = aM},, and GD is maintained within
731 |f0 4 0.5 ns. As observed in Fig. 6, the magnitude and GD
of S31 decrease when Q, changes from 50 to 86. As NGD
increases, the NGD bandwidth (which is defined as bandwidth
of GD < 0) slightly decreases. Therefore, a tradeoff occurs
between NGD, the insertion loss, and the NGD bandwidth.
However, the magnitude and GD of S»; are almost constant
for every Q,.

To illustrate the effect of Q,, the calculated magnitude
and GD of S3;, the NGD bandwidth, and the interresonator
couplings are shown in Fig. 7 for different Q,. In this
calculation, the value of My is assumed as 0.70 and 1.10.
Similarly, the GD of S31 was maintained as 731, 0.25 ns.
As shown in Fig. 7, the magnitude and GD of S3; increase
and interresonator coupling coefficient decreases as the value
of O, changes from 40 to 90. In addition, the NGD bandwidth
decreases as GD increases. However, the NGD bandwidth is
almost the same in both cases (MN; < 1 and Mn; > 1).

Similarly, to investigate the effect of the coupling coeffi-
cient (My1) between NRN; and the resonator, the calculated
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Fig. 8. Magnitude/GD and NGD bandwidth variations according to MNj.
(a) MN1 < 1. (b) MN1 > 1.

magnitude and GD of S3; and the coupling coefficient (M12)
between the resonators and the NGD bandwidth are shown in
Fig. 8. When M increases toward 0.9 as shown in Fig. 8(a),
the NGD bandwidth changes from 65 to 74 MHz, but remains
constant when My; > 1 as shown in Fig. 8(b). Similarly,
M, decreases in case of My < 1 and increases in the case
of Mn1 > 1 when GD is provided a higher negative value.
However, the magnitude of S3;1 in the condition of My; < 1
is smaller than in the condition of MN; > 1. As observed
from Figs. 6 and 7, it can be concluded that the NGD and
bandwidth are independent of k2 and fully dependent of the
NGD circuit parameters such as My and Q,,.
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The design procedure for the proposed power dividers is

summarized as follows.

1) Specify the center frequency fo, power division ratio k2,
maximum achievable NGD, SA, Q,, and A.

2) Calculate the values of MsN2, MN212, and MsN; using
(4) and (8).

3) Obtain value of M3 using (12) by assuming the
values of My and a.

4) After obtaining the value of MnjL3, calculate S3; and
NGD using (9)—(11).

5) Compare the calculated achievable NGD (7cq) to the
specified value (treq). If [(7cal — Treq)| < 0.001 ns, then
Mn1, Mni113, and Mip are the correct values of the
specified NGD. If this condition is not satisfied, then
change M, and repeat steps (3) and (4).

6) Implement the coupling between S-NRN; (Msn2)
NRNj-L; (Mnor2) and S-NRN; (Mgnp) by the A/4
transmission line with normalized characteristic impeda-
nces of 1/Msn2, 1/MN212, and 1/MsN1, respectively. The
characteristic impedances of transmission line can be
renormalized by multiplying the values with reference
port impedance Zg.

7) After obtaining the normalized couplings (Mn1, Mi2,
and Mnir3) of NGD circuit, calculate coupling coeffi-
cients kni, k12, and kNjL3 using

kNt = 1V[Nl‘/Z = 1/\/ QOexe

kniLz = MNiL3 A

kip = M2 A
(16)

where knj represents coupling coefficient between
R,-NRN; and R,-L, of NGD circuit. Similarly, kj> and
kn11L3 represent coupling coefficient between R,-R, and
NRN;-L; of NGD circuit, respectively.

8) Implement knjpL3 with 34/4 step impedance line with
characteristic impedances Z; and Z,. The relation
between characteristic impedances and knjp3 is given
as (17). The extracted kN113 is shown in Fig. 9(a)

V4)

22 (17)
71

kniLz =
9) The interresonator (Rj-R>) coupling coefficient k1> can
be extracted by controlling length Ls and gap g»
as shown in Fig. 9(c). Similarly, Qexe and knj can
be extracted by controlling L3 and g; as shown in
Fig. 9(b) and (d).
10) Finally, optimize the physical dimensions of the
power divider using a full-wave electromagnetic (EM)
simulator.

III. SIMULATION AND MEASUREMENT RESULTS

For experimental demonstration purposes, power dividers
with k2 = 0.6, 1, and 2 were fabricated at fo of 2.14 GHz on
FR4 epoxy substrate with a dielectric constant (g,) of 4.48,
thickness (k) of 0.787 mm, and loss tangent of 0.02. The
design goal was to obtain NGD of —1 ns at f for each power
divider. The physical dimensions of the fabricated circuits
were optimized using ANSYS HFSS 15.
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Fig. 9.  Extracted parameters with FR4-epoxy substrate with &, = 4.4,
h = 0.787 mm, and tan 0 = 0.02. (a) Source-load (NRNj-L3) coupling
coefficient kNjp3. (b) External quality factor Qexe. (c) Interresonator (R1-Rp)
coupling coefficient k7. (d) Input—output (NRR{-R; and Ry-L3) coupling
coefficients knj.

kxis=f (Lo, L1,L2, Wi, W))

W

L‘szu =f(Ws,L7)
,‘W Msnz = f(Wa,Le)
AT W,

kni= f (Ls,g1)

|
| Ls
V

1 ki :f(Ls,gz)‘\
7

Fig. 10. EM-simulation layout of power divider with K2 = 06. Physical
dimensions: Ly = 16.8, L1 =122, L, =18, L3 =14, L4 = 1.5, L5 = 20,
Le=19,L7 =19, Wy = 1.5, W; = 1.8, Wp = 3.70, W3 = 0.98, W4 = 0.34,
W5 =1.02, g1 = 0.5, and g = 6.8 (unit: mm).

Using the design method described above, the coupling
parameters for the power divider with k> = 0.6 are calculated

as Msno = 1.0206, Mno1o = 1.291, Msny = 0.6124,
Mn1 = 1.04, Mo = 1.1897, Mni13 = 1.4269, Q, = 50,
and A =2%.

Fig. 10 shows the EM-simulation layout with the physical
dimensions of the fabricated power divider. The simulated
and measured magnitudes and GDs are shown in Fig. 11(a).
From the measurement, the values of magnitudes and GDs
are Sp1 = —2.26 dB, S31 = —9.96 dB, 7o; = 0.3204 ns, and
731 = —0.8656 + 0.08 ns at fo = 2.141 GHz. The measured
NGD bandwidth is given as 60 MHz. Similarly, Fig. 11(b)
shows the simulated and measured return losses and isolation
characteristics. The measured return losses and isolation are
determined as S1; = —21.97 dB, S, = —18.98 dB, S33 =
—17.93 dB, and S23 = —39.12 dB at f. The return losses and
isolation are higher than 11.1 dB and 33.4 dB, respectively, in
the overall measured frequencies.

The calculated coupling parameters for the power divider
with k2 = 1 are given as Msny = 0.7071, Mnor2 = 1,
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Fig. 11. Simulated and measured results for k% = 0.6. (a) Magnitude/GD.

(b) Return losses/isolation characteristics.
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Fig. 12. EM-simulation layout of power divider with kK2 = 1. Physical
dimensions: Ly = 158, Ly = 122, L, = 18.1, L3 = 14, Ly = 1.5,
Ls =20, Leg =19, L7 =19, Wy = 1.5, W1 = 1.8, W =3.70, W3 = 0.76,
W4 =0.76, W5 = 1.5, g1 = 0.5, and g = 6.9 (unit: mm).

Msni = 0.7071, M1 = 1.04, M, = 1.1897, MniLz =
1.4269, O, = 50, and A = 2%. The EM-simulation lay-
out with physical dimensions is shown in Fig. 12 after the
optimization.

Figs. 13 and 14 show the simulated and measured
S-parameters and GDs through different transmission paths.
From the measurement, the magnitudes of S-parameters are
determined as S>; = —3.21 dB, S31 = —8.701 dB, S;; =
—19.92 dB, S22 = —18.26 dB, S33 = —17.79 dB, and
S»3 = —33.97dB at fp = 2.14 GHz. Similarly, the GDs of the
transmission paths are obtained as 721 = 0.3079 ns and 731 =
—0.8281 £ 0.11 ns at fo = 2.14 GHz. The measured NGD
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Fig. 13. Simulated and measured magnitude/GD characteristics for K2 =1.
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Fig. 14. Simulated and measured return losses/isolation characteristics
for k2 = 1.
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Fig. 15. EM-simulation layout of power divider with K2 =2 Physical
dimensions: Ly = 15.8, L1 =122, Lo =18, L3 =14, L4 = 1.5, L5 = 20,
Le=19,L7 =19, Wy =15, W) = 1.8, Wp =3.70, W3 = 0.5, W4 = 1.86,
W5 =24, g1 =0.5, and g = 6.8 (unit: mm).

bandwidth is given as 60 MHz. The return losses and isolation
between the output ports are higher than 11.4 and 30.4 dB,
respectively, in the overall measured bandwidth.

The EM-simulation layout and physical dimensions of the
power divider with k* = 2 are shown in Fig. 15. The coupling
parameters of the designed power divider are calculated as
Msny = 0.4082, Mno2 = 0.7071, Msn; = 0.8165, MN1 =
1.10, M2 = 1.210, MN11L3 = 1.4653, O, = 50, and A = 2%.

The simulated and measured magnitudes and GDs are
shown in Fig. 16. The measured magnitudes and GDs
are determined as S»; = —4.98 dB, S3; = —7.48 dB,
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TABLE I

S-PARAMETERS COMPARISON OF THE CONVENTIONAL
AND THE PROPOSED POWER DIVIDERS

Conventional PD* | Measured Results of Proposed PD
ke $>1c (dB) [S31¢ (dB) | S21p (dB) | S31, (dB) | Snop (dB)
0.6 | -2.04 -4.26 -2.26 -9.96 -5.70
1 -3.01 -3.01 -3.21 -8.70 -5.69
2 -4.77 -1.76 -4.98 -7.48 -5.72

PD : Power divider
* . Ideal calculated results for conventional PD

1 = 03447 ns, and 7331 = —0.8512 &+ 0.36 ns at
fo = 2.141 GHz. The measured NGD bandwidth is given
as 60 MHz. Similarly, the simulated and measured return
losses and isolation characteristics are shown in Fig. 17.
The measured return losses and isolation are determined as
S11 = —20.86 dB, Sy = —17.46 dB, S33 = —19.73 dB, and
S23 = —33.4 dB at fy.

The return losses and isolation characteristics are higher
than 10.9 dB and 30.1 dB, respectively, in the overall measured
bandwidth. Table II shows the S-parameters comparison of the
conventional and the proposed dividers. As shown in Table II,
the insertion losses of the proposed power divider between
ports 3 and 1 are higher than that of the conventional because
the NGD circuit loss is added on this path. The main advantage
of the proposed power divider is to provide the NGD through
ports 3 and 1 with some additional insertion loss.
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IV. CONCLUSION

In this paper, we presented the GD analysis of the arbi-
trary power division ratio power divider using the coupling
matrix approach. The proposed circuit does not require any
lumped element to generate NGD; therefore, it provides fully
distributed transmission line implementation. The proposed
power divider provides positive and negative GDs through
different transmission paths. Both theoretical and experimental
results were provided for the verification of the proposed
design method. The measurement results agreed well with the
simulations and theoretical predicated values. The proposed
circuit can be employed in feed networks of series-fed antenna
arrays for minimizing the beam-squint problem and linear
amplifiers for GD matching between different transmission
paths.
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