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Arbitrary Terminated Coupler With Tunable Negative
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Abstract — This paper presents a design of arbitrarily
terminated coupler with tunable negative group delay (NGD)
response and power division ratio. The proposed coupler
provides tunable NGD through port 3 and 1 whereas positive
group delay (PGD) through port 2 and 1. The analytical analysis
shows that the power division ratio and NGD are controlled by a
junction resistance of parasitic compensated PIN diode. Perfect
matching and infinite isolation are obtained at the center
frequency (fo). The proposed coupler is validated by fabricating
circuit at fo = 2.14 GHz. Measurement results are well agreed
with simulated and predicted results. The experimental results
show that NGD is varied from -0.2 to -1.3 ns with NGD fractional
bandwidth (bandwidth of GD < 0) of 21.14 % to 15.88%.

Keywords — Arbitrarily terminated coupler, parasitic
compensated PIN diode, positive group delay, tunable wideband
negative group delay.

[. INTRODUCTION

Power dividers are basic building components of microwave
circuits and systems and have been extensively studied over the
past decades [1]-[2]. Because the group delay (GD) can
influences the performances of RF/electronic circuits and
systems, understanding GD effect of power divider in
RF/electronics systems has become critical for communication
systems. A RF predistortion method is one of the low-cost
linearization techniques [3]. To improve the linearity, the
GDs, magnitudes, and phases of two path signals should be
matched in the predistorter. Therefore, the research that can
demonstrate power divider/combiner with the negative group
delay (NGD) will be beneficial in such systems to compensate
the positive group delay (PGD) and help to enhance linearity
performance as well as elimination of additional GD element
and attenuator circuits. In [4]-[7], power dividers with NGD
are presented, however, these works are limited to fixed
termination impedance, NGD, and narrow NGD bandwidth.

This paper demonstrates a design of novel coupler with four
independently arbitrary terminated impedances, tunable NGD
and unequal power division ratio. Both analytical and
experimental results have been provided. The proposed
coupler offers several functions including impedance
transformation capability of four termination impedances,
tunable NGD and PGD with wide bandwidth and high level of
matchings.

978-2-87487-051-4 © 2018 EuMA

Fig. 1 Proposed structure of arbitrarily terminated coupler with tunable
negative group delay response.

II. ANALYTICAL ANALYSIS

The schematic of the proposed arbitrary terminated coupler
is shown in Fig. 1 which consists of horizontal transmission
lines (TLs) with the characteristic admittance of ¥, Y2, Vi, ¥4
and same electrical length @ and wvertical TLs with
characteristics impedance of Vs, ¥s and the electrical length of
@ and 30 respectively. Letting R be the effective resistance of
TL terminated with PIN diode terminated where characteristic
admittance and the electrical length of TL are Y and 05, the ¥-
parameters of the structure shown in Fig. 1 can be found as (1)

Y (1/R— jY, cot@+ jY tanB)

Y, =—jY, cot @ +——— (12)
' Y, +j(1/R- jY,coté)tan @
Y,(1/R—jY cot@+ jY,tan@
by =, cot 394 2L R Hicotf+ 1 nb) -y,
: Y,+j(1/R— jY cot@)tan &
Y, (1/R-jY, i
Y,, =—jY,cot@+ il JHoouf7, suid) (1c)
: T Y,+ j(1/R- jY,coté)tan @
Y.(1/R—jY, cot@+ jY tand
Y, =—jY¥;cot36+ 3 jY, cot6+ jl, tan ) (1d)
: Y,+ j(1/R- jY,cot®)tan
¥,=¥, = YY, csc 8 (le)
2T (Y + Y, )cotO—1/R
Y,=Y, =jY.cscO, Y, =Y,=jY csc36 (1)
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Although PIN diode has parasitic components in addition to
junction resistance, the parasitic reactive effect can be
removed due to TL [8].

The S-parameters of the proposed coupler can be
determined by using conversion relation between Y-parameter
to S-parameter as (2) [9].

=TT T[T ®

where y is diagonal matrix of port termination admittances.
For all-port matchings (S11 = S22 = S33 = Sis = 0) and infinite
isolation between port | and 4 (S = 0) with 8 = n/2 at center

frequency fo, the characteristics admittances of TLs are
derived as (3)

e e

\/RR JRR
where Z,=1/Y), Z> = /Y2, Z3 =1/Yy, Zs = 1/Ys, and Zg = 1/Ys

are characteristic impedances of TLs. Similarly, R.. Rs, R. and
Ry are port termination impedances of coupler, Subsequently,

(3a)

(3b)

the magnitudes of transmission coefficients at fy are
determined as (4).
R.RY;
S"llf =f ‘f £ S T (4a)
8 s RRY +]
J
Sul,_, =8u|,., =—=— (4b)
3 ‘_r:&, 4 ‘_r=_r(-, R RY] +1
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The power division ratio (k%) is simplified as (5) using (4).
2
efSal IS 1 _Z )
Sulep |Sul,., RRY; RR

Finally, using the phases of S» and S;, the GDs through
transmission paths can be determined as (6)
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For illustration of analytical analysis, Figs. 2 and 3 show the
calculated transmission magnitudes and GDs at fo = 2.14 GHz
for different Z, R and termination port impedances. As
observed from these figures, higher NGD through port 3 and 1
can be obtained by decreasing Z; and increasing R. However,
low Z; increases insertion loss (S31) through port 3 and 1. It is
also being noted from these figures that the GDs through port
2 and | have small variation. Therefore, the proposed coupler
provides tunable the NGD and power division ratio if variable
R is implemented with PIN diode.

Figs. 4 and 5 show the calculated magnitudes and GDs of
the proposed coupler with R, = R, =R. = Ryand R, # Ry # R. #
Ry, respectively. As seen from these figure, the GD through
port 3 and 1 is tuned from -0.3829 to -1.255 ns at fo = 2.14
GHz when R is varied from 75 to 150 Q. However, the GDs
through port 2 and 1 are almost same. Similarly, the perfect
matching and infinite isolation characteristics are obtained at f;
regardless of R and termination impedances.

As observed from above results, the NGD increases with
increasing insertion loss (S3;), therefore, trade off occurs
between them. Similarly, the NGD bandwidth which is
defined as bandwidth when GD < 0, decreases with increasing
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Fig. 6. Calculated negative group delay fractional bandwidth.
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Fig. 7: (a) PIN diode. (b) transmission line terminated with PIN diode and (¢)
simulated input impedance at f, = 2.14 GHz.

(a) ()

NGD. Fig. 6 shows the calculated NGD fractional bandwidth
(FBW) using (7).

FBW =222 5100%
0

where fi and f; are lower and upper cut-off frequencies when

GD <0.

(7

ITI. IMPLEMENTATION AND RESULTS

For experimental demonstration, the prototype circuit is
designed and fabricated at fo = 2.4 GHz using RT/Duroid 5880
substrate with dielectric constant of 2.2 and thickness of 31
mils. The goal of designed circuit is to obtain the GD through
port 3 and 1 of -0.2 ns to -1.3 ns at fo. For simplicity of
measurement, the coupler is designed with termination
impedances of 50 €. The calculated circuits of the
demonstrated coupler are given as Z1= 2> = Z; = Z4= 20 Q, Zs
=Zs =500, and R =60 to 155 Q.

In this work, the variable resistors are implemented with
PIN diodes HSMP-4810 from Avago. The current controlled
variable resistor of PIN diode can not provide purely
resistance at microwave frequencies because of parasitic
components as shown in Figs. 7(a) and (c). Therefore, the TL
terminated PIN diode as shown in Fig. 7(b) is used to
compensate the parasitic components and obtain purely
resistive input impedances at f;.

Fig 7(c) shows the simulated input impedances of PIN diode
with and without parasitic compensated where the
characteristic impedance, the electrical length of TLs and DC-
blocking capacitor are given as Z7 = 58 Q, 6= 78° and Cyu. =
22 pF, at f;, respectively.



1.0
'M
2 05+ : - O ~Sim .
'_a'-. 0.0 \'
8 054
o -

3 0] V07TV - o--Sim
© .1 Vv, =0748V —*— Meas
-1.5 d T T T T T

0 2 ., P P
& -<0--Sim ~ - -Sim - <= - Sim
T 104 —e—Meas —®—Meas —— Meas
°
o
3 Vv, =0.692V
€ -20 -
o
=
V_=0.746 V
'30 1 ] L] ¥ 1
1.9 2.0 24 2.2 23 24
Frequency (GHz)

Fig. 8 Simulated and measured transmission magnitude and group delay
characteristics.

0

Magnitude (dB)

o
2
]
o
2
'c
g
=
-50 T T T T T T T T
19 20 21 22 23 24
Frequency (GHz)

Fig. 9. Simulated and measured return losses and isolation characteristics of
the fabricated circuit.

As shown in Fig. 7, the input impedance of TL terminated
PIN diode is obtained with almost zero imaginary parts. Fig. 8
shows the simulated and measured the transmission
magnitudes and GDs of the designed coupler. As noted from
these results. the measurement results are well agreed with
simulation results. From measurement, it is determined that
magnitude and GD through transmission port 3 and 1 varies
from -20.57 t0 -27.35dB and 0.2 ns to -1.3 ns at fo = 2.14 GHz,
respectively. The NGD FBW of the measured prototype are
given as 21.14% to 15.88%. Similarly, the magnitude and GD
through port 2 and 1 are varied from -0.805 to -0.282 dB and
0.689 to 0.692 ns at fo.

Fig. 9 shows the simulated and measured return losses and
isolation characteristics. The measured return losses and

60

isolation are higher 25 dB and 35.80 dB at fo. A photograph of
the fabricated circuit is also shown in Fig. 9.

IV. CONCLUSION

In this paper. an arbitrarily terminated coupler with tunable
negative group delay response and power division ratio is
demonstrated. The proposed coupler provides the tunable
negative group delay through port 3 and 1 where as positive
group delay through port 2 and 1. The analytical design
equations are provided to calculate the circuit parameters. The
proposed coupler is experimentally validated by fabricating
the circuit at the center frequency of 2.14 GHz. The proposed
circuit has the wide negative group delay-bandwidth as
compared to the conventional power divider. The proposed
circuit is expected to apply in various RF communication
circuits and systems such as analog predistortion amplifier and
cancellation circuits.
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