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A Miniaturized Self-Matched Negative Group Delay
Microwave Circuit

Te Shao', Zhongbao Wang! 2 *, Shaojun Fang!, Hongmei Liu', and Shigiang Fu!l

Abstract—A miniaturized self-matched negative group delay (NGD) microwave circuit without the
need for external matching networks is proposed. The NGD circuit is based on a modified parallel-type
RLC resonator, in which lumped elements (capacitors and inductors) are implemented by microstrip
gaps and high-impedance and short-circuited microstrip lines. To verify the design concept, an NGD
circuit with the size of 0.21)\, x 0.29), is designed and fabricated. From the measurement results, the
NGD time of —5.9ns at the center frequency of 1.532 GHz is obtained with insertion loss of less than
12.5dB, return losses of more than 25dB and NGD bandwidth of 45 MHz.

1. INTRODUCTION

With the increase of modern communication system complexity, the group delay (GD) characteristics of
RF circuits have drawn more attention [1,2]. To avoid signal distortion caused by group delay variations,
the group delay equalizers are used to compensate the variations [3,4]. One of the adopted solutions
to compensate the group delay is utilizing negative group delay (NGD) circuits [5]. Recently, the
characteristics of NGD circuits have been applied to various communication systems, such as neutralizing
the disturbing effects produced by LC- and RC-networks [6, 7], shortening or reducing delay lines [§],
increasing the efficiency of feed-forward linearization amplifier [9], enhancing the bandwidth of analog
feedback amplifier [10], minimizing the beam-squint in phased array antenna systems [11], and realizing
the non-Foster reactive elements [12].

In microwave circuits, series and parallel RLC resonators are widely used to achieve NGD
phenomenon [8-15]. Most of them are used in the reflection-type NGD circuit. For reflection-type
NGD circuits, an extra component, such as a hybrid coupler is always needed to convert these circuits
to transmission-type circuits and realize port matching [12-15]. In addition, some RLC resonators
are used in the transmission-type NGD circuit with the filter synthesis approach [16]. Similarly, this
kind of NGD circuit needs external matching networks. Nowadays, a new method to implement NGD
phenomenon based on feedback loop technique is presented [17, 18]. This method cannot directly obtain
good reflection coefficient characteristics. Therefore, external matching networks are also necessary.
Certainly, the use of external matching networks will increase the number of components and size of
circuits.

To obtain input and output matching without extra circuits, matched NGD circuits have been
discussed [19-22]. In [19], a passive lumped network is based on a bridged tee circuit with a theoretically
matched response. However, the parasitic effects of lumped elements (such as capacitors and inductors)
make the implementation difficult at microwave frequencies. As a result, the return loss (RL) is degraded
to 14dB in the 900-MHz frequency band [19]. So the NGD circuits implemented by distributed-
parameter technology are put forward. In [20], a A/4 transmission line is connected between the input
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and through ports of a coupled-line section to lower the input-port reflection coefficient. In order to
simultaneously satisfy input- and output-port matching, another \/4 impedance transformer is required
to symmetrically configure two coupled-line sections, which increases the size of circuits. In [21,22],
the design of an NGD circuit is based on coupling matrix approach with finite unloaded quality-factor
resonators, which are realized by two-end open-circuited A/2 microstrip lines with the need for lossy
substrates. This method increases the design complexity and reduces the use flexibility. In addition,
some NGD circuits implemented through microwave transversal filter approach can also obtain port
matching [23,24], whereas this method demands multi-section structures which increases the circuit
size.

In this paper, a miniaturized distributed-parameter NGD circuit is proposed and self-matched
without the need for external matching networks. It reduces the circuit size and simplifies its design.
The proposed self-matched NGD circuit is built with a modified parallel-type resonator. The theoretical
analysis of the proposed NGD circuit is developed. The implemented method with distributed
parameters and the simulated and measured results are given and discussed.

2. THEORY ANALYSIS OF PROPOSED NGD CIRCUIT

As shown in Figure 1(a), the proposed self-matched NGD circuit is built with a modified parallel-
type resonator. The parallel-type resonator is composed of an inductor (Lq), a resistor (R7) and two
capacitors (C7). Between the two capacitors, there is a shunted series circuit composed of a resistor
(R2) and an inductor (L2). The even- and odd-mode equivalent circuits of the proposed NGD circuit
are shown in Figures 1(b) and 1(c), respectively. The even- and odd-mode admittances Y, and Y, are
expressed as

Y, = ! , (1a)
. + 2Ry + 2jwLo
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where w is the angular frequency. After Y, and Y, are obtained, the S-parameters of the NGD circuit
can be expressed as [25]
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Figure 1. Equivalent circuit of the proposed NGD circuit. (a) Schematic equivalent circuit. (b)
Even-mode equivalent circuit. (¢) Odd-mode equivalent circuit.
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where Yy = 1/Zy and Zj is the port impedance. To realize the input- and output-port matching,
the condition S1; = S92 = 0 should be satisfied at the center operating frequency, which leads to the
relations as follows:

= 3
wol1 woLl’ (a)
1
2wole = 3b
woLs2 w0017 ( )
1
Ry = 3
1 RQYb27 (C)

where wy = 27 fy and fy is the center operating frequency. According to Equations (1) and (2b), So;
can be derived as

M+ jN
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The values of M, N, P and @ are given as
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Thus the GD of the proposed circuit can be obtained as
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Satisfying the matching condition, the GD of the proposed circuit at fy is obtained as
‘ 201 + (22) / (wBC1) .
T w=wo — .
Yo (14 2RY0) (1 — 2RyYp)

According to Equation (8), the GD of the proposed circuit at fj is determined by the capacitance
C4 and resistance Res. When R > 1/(2Y)), the negative GD can be obtained. Figure 2 demonstrates
the calculated GD as a function of Ry with different Cy at fo = 1.575 GHz. As seen from the figure, the
absolute value of NGD time increases as Ry and C decrease. The NGD bandwidth is defined as

BWneD = f2 |7(f)=0 — f1 |7(f1)=0 » 9)

where f1 and f5 are the closest frequencies to fy and fi < fy < fs. The calculated NGD bandwidth as
a function of Ry with different C is shown in Figure 3. The NGD bandwidth increases as Ry and Cy
increase. Thus, there is a tradeoff between NGD time and NGD bandwidth.
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Figure 2. Calculated GD of the proposed circuit  Figure 3. Calculated NGD bandwidth of the
as a function of Ry with different C'y at fy, = proposed circuit as a function of Ry with different
1.575 GHz. C for fo = 1.575 GHz.

3. CIRCUIT LAYOUT AND DESIGN PROCEDURE

As shown in Figure 4, the proposed NGD circuit is implemented by distributed microstrip technology
with an FR4 substrate having relative permittivity €, = 4.4 and thickness h = 1.5 mm. The capacitor
C1 is implemented by the microstrip gap. The high-impedance transmission line and short-circuited
transmission line are equivalent to the inductors L; and Lo, respectively. The connecting lines are
50-€2 microstrip lines. The capacitance value of microstrip gap can be extracted by the ANSYS HFSS
simulator. The capacitance value C7 of the microstrip gap varies with the microstrip width w,, and
the gap s and microstrip length [. are given in Figure 5. At the center frequency fy = 1.575 GHz, the
value of C; increases as w, and [, increase, whereas (7 decreases as gap s increases. So the required
capacitance C can be obtained by choosing appropriate w,, s, and I..

The inductor L is implemented by a transmission line with characteristic impedance Z; and
electrical length 6;. Then, the even- and odd-mode equivalent circuits of the proposed NGD circuit
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Figure 4. Structure of the proposed NGD circuit.  Figure 5. Capacitance value C varying with I¢,
we and the gap s at fy = 1.575 GHz.
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Figure 6. Equivalent circuits of the proposed NGD circuit with a transmission line instead of a inductor
L;. (a) Even-mode. (b) Odd-mode.

are revised and given in Figure 6. The even- and odd-mode admittances Y.; and Y,; of the revised
equivalent circuits are expressed as

Vo= L (102
——— + 2Ry + 2jwLs !
jwCq
Vi = 2 4wl 10b
o= R T G 61/2) (10b)

Comparing Eqs. (1) and (10), a high-impedance transmission line is chosen to make tan(6,/2)/Z; ~
0. The inductance L can be obtained as
271 tan (01/2
L, = 2t (61/2) (11)
w
According to the transmission line theory [25], the equivalent impedance of a short-circuited
transmission line can be expressed as Z; = jZ5 tan f, where Z5 and 0, are the characteristic impedance
and electrical length of the transmission line, respectively. Therefore, the inductance Lo can be obtained
as
_ Zytan b

w

Ly (12)

Considering the influence of the connecting lines, the physical dimensions need to be further
optimized. Therefore, the design procedures of the proposed NGD circuit are summarized as follows.

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

2) Select proper capacitance C; and resistance Rs based on the design requirements referring to
Figures 2 and 3 or Equation (8).

3) Calculate the inductances Lq, Lo and resistance R; using Equation (3).

4) Transform these lumped elements to the distributed parameters using Figure 5 and
Equations (11) and (12).

5) Optimize the physical dimensions to obtain the correct NGD time and available NGD bandwidth
using a full-wave electromagnetic simulator ANSYS HFSS. If proper physical dimensions with the
required performance cannot be realized, the design should be restarted from Step 2) with other potential
values.

4. IMPLEMENTATION AND PERFORMANCE

To validate the design concept of the proposed NGD circuit, an NGD circuit is designed for the GD
value of —6ns at the center frequency fy = 1.575 GHz and is fabricated on an FR4 substrate with
relative permittivity €, = 4.4 and thickness A = 1.5 mm. The dimensions of the connecting lines are
chosen as wy = 2.8 mm, Iy = bmm, I3 = 5.8 mm, and 4 = 2.2mm. The dimensions of the microstrip
gap are chosen as [, = 1.bmm, w, = 6mm, and s = 0.2mm. When the theoretical analysis was
carried out, the connecting lines were not taken into account. The initial designed NGD circuit would
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produce frequency shift. Therefore, the length of high-impedance and short-circuited transmission line
need to be optimized. Because the extra resistance produced by the microstrip gap and influence of
connecting lines, the practical value of resistance Ry is smaller than the theoretical calculation. The
physical dimensions of the designed NGD circuit and values of resistances after an optimization are
l1 =19.7mm, w; = 0.5mm, Iy = 14.4mm, wy = 0.5mm, R; = 82¢), Ry = 1.34.

A photograph of the fabricated prototype is shown in Figure 7, and the overall size of the circuit
is 22mm x 30 mm. The fabricated prototype was measured with an Agilent N5230A network analyzer.
Figures 8 and 9 give the measured and simulated S-parameters and group delays of the proposed NGD
circuit. From the measurement, the NGD and insertion losses (IL) at fo = 1.532 GHz are —5.9ns
and 12.47 dB, respectively. The NGD fractional bandwidth is 2.94% from 1.510 to 1.555 GHz. The
input/output return losses are higher than 25dB at 1.532 GHz. And within the NGD bandwidth, the
input /output return losses are better than 14 dB. There are some discrepancies between the simulated
and measured results, mainly due to the inaccurate value of the relative permittivity e, of the substrate
used in the fabricated prototype. By means of parametric analysis with the HF'SS simulation, Figures 10
and 11 show the effect of &, on the performances of the proposed NGD circuit. As the relative
permittivity increases, the center operating frequency decreases, and the return losses performance
degenerates. By comparing Figures 8 to 10 and Figures 9 to 11, the actual value of the relative
permittivity of the substrate used in the fabricated prototype is larger than the required value of 4.4.

Table 1 compares the proposed NGD circuit with previous publications. Compared to the reflection-
type NGD circuits in [14] and [15], the proposed NGD circuit has larger NGD bandwidth and better
return losses performance without the need for external matching networks. The proposed NGD circuit
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Figure 8. Simulated and measured S-parameters Figure 9. Simulated and measured group delay
of the proposed NGD circuit. of the proposed NGD circuit.
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Table 1. Performance comparisons between the proposed NGD circuit and the previous publications.

Extra matching Achieved NGD IL at RL at .
Reference Jo network NGD FBW, fo fo FoM Size
(GHz) . (Ag X Ag)
required (ns) (%) (dB) (dB)

[14] 2.140 Y —6.16 1.87 8.65 22 0.0909 0.66 x 0.63

[15] 2.140 Y —6.30 1.96 9.23 19 0.0914 0.58 x 0.48

[16] 1.962 Y —6.50 4.59 21.2 30 0.0509 0.63 x 0.54

[17] 1.260 N —2.20 1.59 2.40 14 0.0334 0.63 x 0.28

[20] 2.140 N —6.33 3.27 20.7 30 0.0409 0.53 x 0.33
[21, 22] 2.140 N —1.03 2.80 3.82 30 0.0398 0.79 x 0.40
[23]* 1.000 N —1.50 37.0 33.0 28 0.0133 0.78 x 0.06
This 1.532 N ~5.90 2.94 12.47 25 0.0624 | 0.29 x 0.21
work

* Passive approach: three-section directional coupler. Y: yes. N: no.

has the same level of NGD time but provides lower insertion loss than the circuits in [16] and [20]. For
the NGD circuits in [17] and [21-23], the NGD level is too small. In addition, except [14] and [15], the
proposed NGD circuit has better figure of merit (FoM), which is defined as

FoM = |7 (fo)| x BWNap X [S21 (fo)l - (13)

Moreover, the circuit size of the proposed NGD circuit is much smaller than the previous works [14—
17,20-22].

5. CONCLUSIONS

In this paper, a miniaturized self-matched NGD circuit is proposed. The NGD circuit is built with
a modified parallel-type RLC resonator implemented by distributed microstrip technology. To attain
perfect matching for any NGD level, design equations are derived. The theoretical analysis shows
that the GD of the proposed circuit is a function of capacitance C7 and resistance Ro. Choosing
the appropriate parameters Ry, L1 and Lo, the matching condition can be easily satisfied. Using the
proposed method, an NGD microstrip circuit with the size of 0.21\, x 0.29), is implemented. The
NGD bandwidth of the fabricated NGD circuit is 2.94% with an NGD level of —5.9ns, insertion loss of
less than 12.5dB and return losses of more than 25dB at 1.532 GHz. The proposed NGD circuit can
be used in various applications of communication systems.
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