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Abstract. A compact dual-band negative group delay
circuit (NGDC) is proposed. The proposed NGDC is com-
posed of an open-circuited transmission line and two resis-
tors connected by two transmission lines. The frequency
ratio is controlled by the characteristic impedance of the
transmission lines. To verify the design concept, a dual-
band NGDC with the frequency ratio of n =2 (Circuit A)
and a broadband NGDC with n=1.16 (Circuit B) are
designed and fabricated. The measured group delay value
of the Circuit A is —1.19 ns at the center frequencies of
lower and upper bands. And the measured NGD bandwidth
is 34.6% for the lower band and 16.5% for the upper band,
in which the return loss and insertion loss are better than
16.9 dB and 18.2 dB, respectively. From the measurement
results of Circuit B, a flat fractional NGD bandwidth of
19.8% with GD of (-1.58 £ 0.13) ns is obtained, in which
the return loss and insertion loss are better than 23 dB and
32.5 dB, respectively.
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1. Introduction

With the growing requirements of wireless communi-
cation systems, multiple communication standards have
been developed. Therefore, various multi-band or broad-
band microwave components that can simultaneously sup-
port the different communication standards are necessary
[1], [2]. Moreover, the group delay characteristics of cir-
cuits have drawn more attention for the reason that the
group delay variations would cause signal distortion in the
high-speed broadband communications [3]. To compensate
for the group delay variations, delay equalizers based on
negative group delay circuit (NGDC) have been adopted
[4-6]. Because of their unique characteristic, the NGDCs
have been used to increase the efficiency of the feed-for-
ward amplifiers [7], enhance the bandwidth of the analog
feed-back amplifiers [8], minimize the beam-squint in the
array antennas [9], and realize the non-Foster elements [10].
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The conventional NGDCs are usually implemented by
RLC resonators [6—10]. In recent years, some new methods
to obtain the NGD effect have been presented, such as
feedback loop technique [11], [12], finite unloaded quality-
factor resonators [13], and signal interference techniques
[14]. In addition, to obtain port matching without external
matching networks, matched NGDCs using the coupled
line doublet structure [15] and self-matched NGDCs [16]
have been discussed. However, all of these NGDCs only
operate in one frequency band.

To obtain dual-band or broadband NGDCs, a general
approach that combines two or multi-NGDCs with differ-
ent operating frequencies is adopted [17-19]. A four-stage
circuit is utilized to achieve broadband NGDC [17], [18]
and a two-stage FET-based active circuit is employed to
realize dual-band NGDC [19]. In addition, some broadband
NGDCs based on the transversal filter approach and dis-
tributed amplifiers are presented [20], [21], however, these
approaches demand multi-stage structures. It is clear that
the multi-stage structure certainly will increase the size of
circuits. A miniaturized dual-band NGDC using dual-plane
defected structures is proposed in [22]. Its center frequen-
cies of the lower and upper bands are controlled by a de-
fected microstrip structure (DMS) and a defected ground
structure (DGS), respectively. Another dual-band NGDC is
achieved by utilizing a couple of open-circuited stubs [23],
whose center frequencies of the lower and upper bands are
controlled by the lengths of stubs. However, these two
kinds of NGDCs cannot obtain port matching. A design for
a dual-band NGDC employing the composite right/left-
handed A/4 short stubs is discussed in [24]. But this NGDC
is working as reflection-type that necessarily demands
a broadband hybrid coupler to convert this circuit to the
transmission-type circuit and realize port matching. Obvi-
ously, the use of extra coupler will increase the circuit size.

In this paper, a compact dual-band NGDC is proposed
and self-matched without the need for external matching
networks. The proposed NGDC is composed of an open-
circuited transmission line and two resistors connected by
two transmission lines. The frequency ratio is controlled by
the characteristic impedance of the transmission lines. The
theoretical analysis of the proposed NGDC is derived. The
simulated and measured results are given and discussed.

CIRCUITS
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2. Theory Analysis of Proposed NGDC
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Fig. 1. (a) Schematic of the proposed NGDC. (b) Even-mode
equivalent circuit. (¢) Odd-mode equivalent circuit.

Figure 1(a) shows the structure of the proposed dual-
band NGDC. It consists of two resistors R; and R, con-
nected by two transmission lines with characteristic imped-
ance Z; and electrical length 8, and an open-circuited trans-
mission line with characteristic impedance Z, and electrical
length 6. The even- and odd-mode equivalent circuits are
shown in Fig. 1(b) and (c), respectively. The even- and
odd-mode input admittances Y. and Y, are respectively
derived as

Z,+27Z,+j2R, tan@
Y, = . ;
Z,[2R, +j(Z tan 0 —2Z, cot 0) |

)

I @)
R, jZ tan@

where 0 = nf/ (2fy) and fo= (fi1f2) / 2. f1 and f, are the cen-
ter frequencies of the lower and upper bands, respectively.
Then the S-parameters of the dual-band NGDC can be
derived as

Y:-YY
S :S _ 0 e o s 3
R (R A)(Y Y v
S,=S§ Yo(Yo_Ye) 4

T T, A Y)Y, +7,)

where Yy=1/Z, and Z, is the port impedance. Substituting
(1) and (2) into (4), S, can be obtained as
— Xl + .]X 2

= —2 5
X, +]X,

21

Thus the group delay (GD) of the proposed circuit
can be obtained as

__ 448, XX, XX} XX, -X.X]

do X} + X3 X+ X,

. (6)

The values of X, X5, X3, X4, X;, X, X,, and X, are given
as
X1:Y0(2/R1—M), @)

X, =-Y,[N+1/(Z tanb)], (8)

X, =(Y,+M)(Y,+2/R)+N/(Z tan6), (9
X,=N(Y,+2/R)-(Y,+M)/(Z tan6), (10)

X =-Y,M', (11)

X, =Y, [ 1/(4,2,sin* )~ N'], (12)
X;=M'(Y,+2/R)+N(Z tan0) - N/(4£,Z,sin’ 6),(13)

X, =(Y,+2/R)N'-M'/(Z, tan 6)

(14)
+(Y,+M)/(4£,2,sin’ 0)
where
M=2R2(1+tan249)/P, (15)
N=0/(zP), (16)
P=4R+(Z,tan0-2Z,cotd) , (a7

O=4Rtan0—(Z,+2Z,)(Z,tan0—2Z, cot 9),(18)

M'=[ R, tan0- P/ f,cos’ 6) 2R, (1+tan’ 6) P |/ P* (19)

v=(ro-ro)(zr). e

P'=2(Z tan6-2Z,cot0) le + 22.22 >
4f,cos"8@ 4f sin" 0

2

2
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Jfocos™ @ 4f,cos”@ 2f sin" @
—(Z,tan@-2Z, cotd) ZZCOtf - Zzta.mzé’ :
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(22)

According to the periodicity of the trigonometric
functions, the relations can be obtained as

X,(0)=X,(n-0)
X, (0)=-X,(n-0)
Xj(0)=-xi(z-0)’

X'(0)=X(n-0)

J

i=1,3;j=2,4. (23)

The GD can then be derived as
7.'(9) = T(n - 9) . (24)
Thus the proposed NGDC can get the same GD at the

electrical length 8, and 6,=7m— 6. And the desired fre-
quencies f; and f; satisfy the relations as

nelo b _1-6 25)
A
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=2 (26)
1+n

fo=2 @7)
1+n

In theory, the proposed NGDC can operate in two
arbitrary frequency bands, but in practice, the construction
of the NGDC is also constrained by the range of imped-
ance that can be realized. The required Z; for different
frequency ratios is shown in Fig. 2. The required Z; in-
creases as the frequency ratio increases, and the Z; in-
creases as the Z, increases for the fixed frequency ratio.
The calculated values of GD x f; as a function of Z; with
different Z, are given in Fig. 3. The absolute value of NGD
time increases as Z, increases, and slightly increases as the
Z, increases from 120 Q to 200 Q. However, when the Z, is
close to 100 Q corresponding to a frequency ratio close to
1, the GD will be superimposed and the absolute value of
NGD time will obviously increase. Therefore, the desired
frequency ratio and GD can be obtained by choosing
appropriate Z; and Z,.

To realize the input and output matching, the condi-
tion that Sj;=S,,=0 should be satisfied at the designed
frequencies which leads to the relations as follows

My T T T T T T T
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Fig.2. Required Z, for different frequency ratios with
different Z,.
Vb7 T T T 7
0.6
0.8
o 1o
)
&)
1.2
—e— Z=1000
-1.4 4 _._Zz=759 -
—— Z=500
-1.6

——r——rr1r T
100 110 120 130 140 150 160 170 180 190 200
Z, ()

Fig. 3. Calculated values of GD x f; as a function of Z; with
different Z,.

F(R)=Y;—(M* +N2)/(NZ1 tand) =0, (28)

R =(2NZ tan0)/M. (29)

Thus the required R, and R, related to Fig. 3 can be
calculated according to (28) and (29) and shown in Fig. 4.
The required R; and R, decreases as Z; increases or Z,
decreases. The R; and R, also influence the GD and fre-
quency ratio. As shown in Fig. 5, the frequency ratio in-
creases as R, and R, decrease, and the absolute value of
GD time increases as R; increases while decreases as R,
increases.

To achieve larger NGD time under the condition of
fixed frequency, the appropriate combination of R, and R,
should be chosen. Figure 6 gives the S-parameters and GD
with different combinations of R; and R, with the frequen-
cy fo=1GHz, Z,=136 Q and Z,=100 Q. According to
(28) and (29), the matching conditions at designed frequen-
cies cannot always be satisfied when the values of R, and
R, change. But as shown in Fig. 6, within the frequency
ranges that GD is less than 0 ns, the |S}4| is still better than
-15 dB.
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Fig. 4. Required R, and R, as a function of Z; with different Z,.
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fo=1GHz, Z,=130 Q and Z,= 100 Q.
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Fig. 6. Calculated S-parameters and GD with different combi-
nations of R, and R, with f; = 1 GHz, Z, = 136 Q and
Z,=100 Q.

Based on the preceding analysis, the design proce-
dures of the proposed dual-band NGDC are summarized as
follows.

1) Determine the frequency ratio and NGD time
according to the design requirements. Obtain the values of
dielectric constant and thickness of the substrate material.

2) Select proper Z; and Z, according to the frequency
ratio and NGD time requirements referring to Fig. 2 and 3.

3) Calculate R; and R, according to (28) and (29). If
a larger NGD time is wanted, choose the appropriate com-
binations of R, and R, referring to Fig. 5.

4) Convert all the electrical parameters to the physical
dimensions and optimize the physical dimensions to obtain
the correct NGD time and the required frequency ratio
using a full-wave electromagnetic simulator ANSYS
HFSS. If the proper physical dimensions with the required

©

Fig.7. Layout and photographs of the proposed NGDCs.
(a) Layout. (b) Circuit A. (c¢) Circuit B.

performance cannot be realized, the design should be re-
started from the Step 2) with other potential values.

3. Implementation and Performance

To validate the design concept of the proposed
NGDC, a dual-band NGDC with »=2 (Circuit A) and
a broadband NGDC with » = 1.16 (Circuit B) are designed
with fo=1 GHz. The proposed NGDCs are fabricated on
the substrate with relative permittivity &= 2.65 and thick-
ness £ = 1.5 mm. The transmission lines are meandered to
reduce the circuit size as shown in Fig. 7.

3.1 Design of a Dual-band NGDC

As the first example, a dual-band NGDC with n =2 is
designed. In this design, the electrical parameters are se-
lected as Z;=136Q, Z,=100Q, Ri=79Q and R,=
90.4 Q. Considering the actual value of resistors, the
influence of connecting lines and the bend discontinuities
of the microstrip line, the proposed NGDC is optimized by
ANSYS HFSS. The optimized physical dimensions are
wo=4mm, [=12mm, w;=04mm, [,=64.7mm,
wr,=1mm, L=57.1mm and w;=2 mm with R;=82Q
and R, =91 Q. The photograph of the fabricated Circuit A
is shown in Fig. 7(b) and the overall size of the circuit is
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Fig. 8. Simulated and measured group delay of the designed
Circuit A.
10 T T T T T T T 0

IS, 18] (dB)

- --- Simulation
—&— Measurement
‘40 T T T

T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 L6 1.8
f(GHz)

Fig. 9. Simulated and measured S-parameters of the designed
Circuit A.
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Ret f(GHz) GD (ns) NGD FBW (%) IL (dB) RL (dB) FOM Circuit size
fi £ fi £ fi £ fi J fi £ fi J (s %)
[22] 3.50 5.15 —4.54 —4.20 3.43 1.94 47.4 38.8 - - 0.0023 0.0048 0.36 x 0.83
[23] 3.50 5.20 -5.00 -5.00 5.71 5.77 13.0 19.5 - - 0.2240 0.1590 0.60 x 0.64
[24] 2.14 3.50 -3.00 -3.10 8.41 5.14 34.2 349 17 17 0.0105 0.0100 0.90 x 1.80
;{(}::i 0.667 1.377 -1.19 -1.19 34.6 16.5 18.2 18.2 24.8 24.7 0.0338 0.0332 0.13 x 0.27
Tab. 1. Performance comparison of the proposed Circuit A with other works.
NGD BW flat NGD BW Circuit size
Ref | f,(GHz) GD (ns) (MHz) (MHz) IL (dB) RL (dB) X i)
[20] 1.010 -1.55+0.12 370 125 33.0 25.0 0.06 x 0.78
[21] 0.865 -0.65+0.55 620 530 10.0 20.0 0.48 x 0.65
This 0.998 -1.58+0.13 446 198 325 232 0.13 x 0.32
work

Tab. 2. Performance comparison of the proposed Circuit B with other works.

55 mm x 26 mm (around 0.274,% 0.134,, where 4, is the
guided wavelength of 50-Q TLs at the frequency f). The
fabricated prototype was measured with an Agilent
N5230A network analyzer.

Figures 8 and 9 give the simulated and measured
group delay and S-parameters of the Circuit A. For the
lower band, the measured GD and insertion loss (IL) at
f1=0.667 GHz are —1.19 ns and 18.2 dB, respectively. For
the upper band, the same GD and IL are obtained at
f,=1.377 GHz. The frequency ratio of the measured mini-
mum GD for dual-band is 2.06. The fractional NGD
bandwidths (the bandwidth for GD less than 0 ns) are 34.6%
(564795 MHz) for the lower band and 16.5% (1250 to
1477 MHz) for the upper band, respectively. Within both
NGD bands, the return losses (RL) are better than 16.9 dB.
There are some discrepancies between the simulated and
measured results, which is mainly due to the inaccurate
value of the chip resistors used in the fabricated prototype.

Table 1 compares the proposed Circuit A with previ-
ous publications. The proposed dual-band NGDC has
larger NGD bandwidth and better return losses perfor-
mance than that in [22-24]. Except for [23], the proposed
Circuit A has a better figure of merit (FOM) which can be
defined as

FOM =|T(fm)|'BWNGD |S21(fm)

In addition, the circuit size of the proposed Circuit A
is smaller than all the previous works [22-24].

,m=1,2. (30)

3.2 Design of a Broadband NGDC

In the second example, the electrical parameters of
the broadband NGDC with n=1.16 are chosen as Z;=
105.7Q, Z,=100Q, R;=91.9Q and R,=101 Q. After
optimization, the physical dimensions are wy=4 mm, /o=
12 mm, wy=1mm, /;=63.7 mm, w,=1 mm, ,=59.8 mm
and w;=2 mm with R;=91 Q and R,= 110 Q. As shown

GD (ns)

g0 e o b
02 04 06 08 L0 12 14 16 18

f(GHz)

Fig. 10. Simulated and measured group delay of the designed
Circuit B.
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| —®— Measurement | |
'sn T T T T T T T 'TU
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

f (GHz)

Fig. 11. Simulated and measured S-parameters of the designed
Circuit B.

in Fig. 7(c), the overall size of the Circuit B is
65 mm x 26 mm (around 0.324,% 0.134,). The simulated
and measured GD and S-parameters of the Circuit B are
shown in Fig. 10 and 11. From the measurement, the NGD
bandwidth is 446 MHz and a flat NGD bandwidth of
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198 MHz with GD of (-1.58 & 0.13) ns is obtained. The IL
and RL within the NGD band are better than 32.5 dB and
23 dB, respectively.

Table 2 summarizes the comparison between the pro-
posed Circuit B and other broadband NGDC. Compared to
the NGDC in [20], the proposed Circuit B has the same
level of GD, but provides a wider NGD bandwidth and
awider flat NGD bandwidth. The GD of the proposed
Circuit B fluctuates less within the NGD band than that in
[21], which demonstrates a better NGD flatness perfor-
mance. In addition, the proposed Circuit B has smaller
circuit size than the previous works [20], [21].

4. Conclusion

In this paper, a compact dual-band NGDC was pro-
posed. The NGDC was implemented by two transmission
lines, an open-circuited transmission line and two resistors.
The theoretical analysis shows that arbitrary frequency
ratio can be obtained by choosing appropriate characteristic
impedances of transmission lines. Using the proposed
method, two NGDCs with the frequency ratio of n=2
(Circuit A) and 1.16 (Circuit B) were implemented. The
Circuit A demonstrated a dual-band performance and the
Circuit B provided a broadband performance with a wide
flat NGD bandwidth. The proposed NGDCs have smaller
circuit size than the conventional ones achieved by using
multi-stage structures. The proposed NGDCs can be used
in various applications.
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