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DESIGN OF A MICROWAVE
GRoUP DELAY TIME
ADJUSTER AND ITS
APPLICATION TO A
FEEDFORWARD POWER
AMPLIFIER

This article presents a design method for a microwave group delay time adjuster (GDTA) and its
application to a feedforward (FFW) power amplifier (PA). The GDTA consists of a variable capacitor
and a variable equivalent inductor. The variable equivalent inductor is realized using a high impedance
transmission line terminated with a variable capacitor. These components are controlled by two separate
bias voltages. The group delay time can be adjusted by varying the capacitance and inductance while
keeping a fixed resonance frequency. The proposed GDTA is fabricated for the Korean RFID frequency
band (908.5 to 914 MHz). A group delay time variation of approximately 3 ns is obtained with satisfying
transmission flatness. When the proposed GDTA was applied to the base station FEW PA system, the
loop group delay time matching was much easier and required less effort and time, while achieving an |
excellent linearization result compared to the conventional FFW PA system. |

is adopted in communication systems control of the group delay time.* :
for spectrum efficiency, the system per- Moreover, a feedback receiving signal, orig-©
formance is limited due to nonhnedrltv partic- inating fmm the transmitter (Tx) antenna of
ularly in the power amplifier. The nouhnearity the same site, deteriorates the performance of
of a system can be explained as AM-AM, AM-
PM, intermodulation distortion (IMD) and
adjacent channel leakage ratio (ACLR). Sever- g : :
al Jlmearl?mg technu%ues have been intro- Chc):'tbuk National University
duced to overcome these nonlinearities. =3 ]eca‘-n]u, Korea
When a d1g1tdl/analog predistortion or a FFW J.S. KENNEY
technique is applied to the nonlinear system,a  Georgia Institute of Technology
group delay time matching as well as ampli- Atlanta, GA
tude and out-of-phase matching are critical. CHUL DoNG KiM
While a variable attenuator and a phase shifter Sewon Teletech Inc.
are widely used for the magnitude and phase Kyungki, Korea

S s linear modulation and demodulation control, there are few circuits available forf
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the received (Rx) signal and results in
co-channel interference in the re-
peater system. The delay time of the
co-channel interferer from Tx to Rx is
different, case by case, and due to en-
vironmental conditions. The ampli-
tude, phase and electrical delay time
of the correction signal should be ad-
justed to effectively cancel the broad-
band interferer.3.8

Until now, there have been few
microwave circuit GDTAs. A GDTA,
consisting of different paths having
different physical length, was intro-
duced.” However, it could not control

A Fig. 2 Measured capacitance of the Sony
1T362 varactor diode.

A Fig. 3 A virtual variable inductor using a
transmission line.

A Fig. 4 Transformation from a capacitive
to an inductive characteristic.

20

the group delay continuously. In this
article, a microwave GDTA is pro-
posed that is capable ol continuous
group delay time control. The pro-
posed GDTA is expected to play a
key role in a number of applications
where group delay time compensa-
tion is critical for broadband signal
cancellation. To show its validity, a
GDTA and base station FI'W PA sys-
tem were designed, fabricated and
measured, using the proposed GDTA
as an application example.

ADJUSTABLE GROUP DELAY
THEORY

A group delay gives the measure
of how long it takes a signal to propa-
gate through a system. In general, the
rate of change of the total phase shift
with respect to angular frequency is
called the group delay (GD), and is
defined as8

do
GD=—-—— 1k
= 1)

where

do = total phase shitt

® = angular frequency

Also, the group delay flatness in the
operating frequency band is an im-
portant parameter for observing the
phase linearity of a receiver system,
transmitted signal and so on.

To find the method to control the
group delay, it is necessary to analyze
a shunt resonance circuit, as shown in

Figure 1. The input admittance of

the resonance circuit is expressed as

vo=vefoc- ] @

and the transmission characteristic
can be expressed as

2%

Sp1 = 5 3
\/4Y};+(m(3—1/m];)
! a1 1 IC
e 3
R T ey, 3)

If the gartmular resonance fre-
quency, ogLC = 1 of the parallel res-
onator is mdmtained, the magnitude
and the phase coefficient would be
kept constant. Then GD, the differ-
ential phase component of the trans-
mission coeflicient with respect to

TECHNICAL FEATURE

the angular frequency, can be derived
from Equation 4 at the pd.rtlculdr res-
onance frequency, by using Equa-
tions 1 and 3.

2y,L(1+0%C) ’
g (1 3 mgm)Lﬂﬂ:]
1

(]
‘Dn‘?)[

CD = 2+ 9
47 L7

<7 @

From Equation 4, the group delay
time increases proportionally to the
capacitance. On the contrary, as the
inductance increases, the group delay
time decreases, proving the inverse
proportionality to the inductance.
Keeping the resonant frequency
fixed, the group delay time can be ad-
justed by several combinations of a
capacitance and an inductance.

IMPLEMENTATION AND
MEASUREMENT OF THE GDTA

Varactor Diode Measurement

A varactor diode is a semiconduc-
tor device that is widely used in many
applications where a variable capaci-
tance is required. The operation of
the varactor diode is based on the
fact that a reverse biased PN junction
acts as a variable capacitor. The diode
capacitance versus reverse voltage of
the Sony 1T362 device used has a
variation of approximately 2.3 to 100
pF, as shown in Figure 2.

Variable Equivalent Inductor
and the GDTA Unit

There are few variable inductors in
microwave devices. Even though
there is an active inductor using a gy-
rator structure that can change the in-
ductance, the quality factor (Q) is not
high enough and changes according to
the control voltage.919 For that rea-
son, the active inductor is not yet
widely used. The series combination
of a lumped inductor and varactor
diode can be used as a variable equiva-
lent inductor. Since it is difficult to
fabricate high Q inductors with a small
tolerance, however, the combination
of varactor diode and lumped inductor
is not suitable. A transmission line of
characteristic impedance Z, terminat-
ed with a varactor, can also be used as
a variable inductor, as shown in Fig-
ure 3. A transmission line characteris-
tic shifts from capacitive to inductive,
as shown in Figure 4. However, the
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the received (Rx) signal and results in
co-channel interference in the re-
peater system. The delay time of the
co-channel interferer from Tx to Rx is
different, case by case, and due to en-
vironmental conditions. The ampli-
tude, phase and electrical delay time
of the correction signal should be ad-
justed to effectively cancel the broad-
band interferer.5.6

Until now, there have been lew
microwave circuit GDTAs. A GDTA,
consisting of different paths having
different physical length, was intro-
duced.” However, it could not control

 DIODE CAPACITANCE (pF)

A Fig. 2 Measured capacitance of the Sony
17362 varactor diode.

A Fig. 3 A virtual variable inductor using a
transmission line.

A Fig. 4 Transformation from a capacitive
to an inductive characteristic.
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the group delay continuously. In this
article, a microwave GDTA is pro-
posed that is capable of continuous
group delay time control. The pro-
posed GDTA is expected to play a
key role in a number of applications
where group delay time compensa-
tion is critical for broadband signal
cancellation. To show its validity, a
GDTA and base station FFW PA sys-
tem were designed, fabricated and
measured, using the proposed GDTA
as an application example.

ADJUSTABLE GROUP DELAY
THEORY

A group delay gives the measure
of how long it takes a signal to propa-
gate through a system. In general, the
rate of change of the total phase shift
with respect to angular frequency is
called the group delay (GD), and is
defined as®

do
GD=-— il
=5 @

where

d¢ = total phase shift
® = angular frequency

Also, the group delay flatness in the
operating frequency band is an im-
portant parameter for observing the
phase linearity of a receiver system,
transmitted signal and so on.

To find the method to control the
group delay, it is necessary to analyze
a shunt resonance circuit, as shown in

Figure 1. The input admittance of

the resonance circuit is expressed as

1
N G e

and the transmission characteristic
can be expressed as

2Y

So1 = 5 5
\/4 y +(@C-1/0L)
2 N
I g 1-o’LC
t —— e 3
exp| j| tan S0lY, (3)

If the gd]‘tl(.llldr resonance [re-
quency, wgLC = 1 of the parallel res-
onator is mdmtcu'ned, the magnitude
and the phase coefficient would be
kept constant. Then GD, the differ-
ential phase component of the trans-
mission coefficient with respect to
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the angular frequency, can be derived
from Equation 4 at the particular res-
onance frequency, by using Equa-
tions 1 and 3.

2Y,L(1+0’LC) |
CD = 2989 9
40PT2Y2 +(1 R m”LC)L
PLC=1
1
- =CZ, (4)
2 )
ay, Yy L.

From Equation 4, the group delay
time increases PIOPOI’U()HdHy to the
capacitance. On the contrary, as the
inductance increases, the group delay
time decreases, proving the inverse
proportionality to the inductance.
Keeping the resonant frequency
fixed, the group delay time can be ad-
justed by several combinations of a
capacitance and an inductance.

IMPLEMENTATION AND
MEASUREMENT OF THE GDTA

Varactor Diode Measurement

A varactor diode is a semiconduc-
tor device that is widely used in many
applications where a variable capaci-
tance is required. The operation of
the varactor diode is based on the
fact that a reverse biased PN junction
acts as a variable capacitor. The diode
capacitance versus reverse voltage of
the Sony 1T362 device used has a
variation of approximately 2.3 to 100
pF, as shown in Figure 2.

Variable Equivalent Inductor
and the GDTA Unit

There are few variable inductors in
microwave devices. Even though
there is an active inductor using a A
rator structure that can change the in-
ductance, the quality factor (Q) is not
high enough and changes according to
the control voltage %10 For that rea-
son, the active inductor is not yet
widely used. The series combination
of a lumped inductor and varactor
diode can be used as a variable equiva-
lent inductor. Since it is difficult to
fabricate high Q inductors with a small
tolerance, however, the combination
of varactor diode and lumped inductor
is not suitable. A transmission line of
characteristic impedance 7, terminat-
ed with a varactor, can also be used as
a variable inductor, as shown in Fig-
ure 3. A transmission line characteris-
tic shifts from capacitive to inductive,
as shown in Figure 4. However, the
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physical length of a transmission line is
too long in case of a low operating fre-
quency.

In this work, a high impedance
transmission line, terminated with a
varactor, is used to implement the
variable inductor. Figure 5 shows the
lumped element equivalent circuit of
the transmission line, where Z, and 0

A Fig. 5 A high impedance transmission
line and its equivalent circuit.

A Fig. 7 Equivalent circuit of the unit GDTA using a high

impedance transmission line.

TABI..E I

MEASURED RESULTS AT 911 MHz
' FOR THE UNIT GDTA

p Delay (ns)

A Fig. 8 Block diagram of the balanced
GDTA using two unit GDTAs.

TECHNICAL FEATURE

are the characteristic impedance and
electrical length of the tramission
line, respectively. The values of the
equivalent lumped elements are

_ZtSiﬂe _ 1—cos@ )
: Dl T Z,wsin 0 I

Using the varactor diode and the
proposed variable equivalent induc-
tor, the GDTA unit shown in Figure
6 was designed. The varactor diode is
operated as the variable capacitor,
and the high impedance transmission
line terminated with the varactor
diode is operated as the variable
equivalent inductor.

The transformation procedure of
the variable equivalent inductor is de-
picted in Figure 7. The capacitor C,
denotes the variable capacitance and
Cjy is used for the variable equivalent
inductor with the high impedance
transmission line, r'espe(rtive]y. The
high impedance transmission line was
replaced with the lumped element
equivalent circuit.
Since Cy shares
node A with C,, and
C, shares node B
with C,, these pairs
of capacitors can be
substituted with C'
and Co+ C,. Finally,
Ci+ C; can be rep-
resented as C" and
the series connec-
tion of L, and C'
can be substituted
with L'. Equation 6
shows the equivalent reactance of the
transmission line terminated with the =
varactor diode. As long as the equiva-
lent reactance (X)) is positive, it has
an inductive characteristic. There-
fore, as C' is varied, a variable induc-
tance can be obtained.

M_ (6)

~
®,C

A Fig. 9 The fabricated balanced GDTA. E
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TABLE I
MEASURED RESULTS FOR THE BALANCED GDTA

Group Delay (ns) S V;:;;go; v)
911 Max (dB)
c vy
1.005 1.041 1.025 —0.65 —0.64 —0.64 —25.65 25.0 0.0
2.000 2.010 1.970 -1.36 -1.37 -1.39 2674 10.0 14.4
3.051 3.077 2.986 ~1.96 —1.95 —1.95 —24.84 8,3. 17.5
4.021 3.938 3.792 -2.68 —2.68 —2.71 . —24.41 7.0 19.8

The values of the variable capaci-

i— 2 ig tor and inductor are controlled by
E" ; ;g = two separate bias voltages that must
Sl L. 10 satisfy the fixed resonance (t)n(hhm]
é‘gﬁ? z e The measured results of the pro-
- Qv _, -20 ® 1 B Y i 1 at 911
HF & Mlcrﬂwa“e = o s posed C TA m.nt, testec 1t- J\. :
Solutions 3 -4 -40 MHz, are shown in Table 1. As GD
0 S wow T awTe u,‘_-f"‘_" is increased, the reflection character-
§ § §_ E E - E istics are getting increasingly worse,
- FREQUENCY (MHz) due to the Pdld‘sltl(_ component of the
Fast (2) S varactor diode.
Flexible T . i The Balanced GDTA
: = 4 40 In order to obtain better reflection
For you. E‘é‘ - 20 = characteristics of the GDTA, a bal-
z=1 10 anced GDTA structure is proposed
7 9 0 Pr
& 51 [ -1o§ and shown in Figure 8. It is com-
S g*:ﬁ :§8*- posed of two hybrid couplers (RF
BAEEIRP 8 custom o 4 . Power, S03A888N1) and two unit
filters or stock components, 9 R R GDTAs. The overall circuit size is 79
you need solutions tailored $ 8 gogome= x 39 mm, as shown in Figure 9. The
for your unique r‘equipements_ (b) FREQUENCY (MH:) imp]emented GDTA was fmtod in
And you need them fast. the Korean RFID frequency band
o (908.5 to 914.0 MHz). The group de-
o ) E 3 29 lay measurements of the proposed
At Trilithic, innovation is $ 1 30 bdldnwd GDTA are shown in Table
about more than engineering £/ N 2 and Figure 10.
and technology. It's about é_&._‘;" o= Although a group delay time vari-
listening to your needs gﬂ:g -20 L ance greater than 3 ns could be ob-
and expectations 3 & “40 tained, the transmission and the
5 ' 6 S group delay time flatness in the high
@ tng’thEP we can create S s G e L L) group delm time region are in a
solutions that work for you — > ;EQU:NC:(MH; = trade-off re thlmlshlp so that there
today and tomorrow. () was no choice but to limit the actual
variation range to 3 ns. In that case,
T s 50 the 1nd%111tude flatness is less than 0.1
u g L gg dB in the pass band and the maxi-
TRIL'THIG E ‘T%‘ 1; / \\ %g Y mum reflection coefficient is approxi-
INNDVATIVE ENGINEERING S: 0 0 1‘1]'&t61,\_-7 —24.4 dB. These S'c'l.tiS]("&CtOl‘_\‘
asl s results can be applied to systems
& 3 i 30 where the group delay time matching
To i ‘ g 3 SR with good flatness is critical.
{75 75 [74] (T3] [Ty 7y
0 hind out more, ca o] o ~ = o
(800) 344-2412 or 8 & 8 & & & BASE STATION FFW PA DESIGN
visit wwww. trilithic.com. (@ FREQUENCY (MHz) USING THE PROPOSED GDTA
AT ig. 10 Electrical characteristics of the ‘TO obtain broadband _Slgnal Can(‘df
balanced GDTA at 1 ns (a), 2 ns (b), 3ns (¢) lation, broadband amplitude, out-of-
and 4 ns (d). phase and group delay matching are
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TABLE I
MEASURED RESULTS FOR THE BALANCED GDTA

Group Delay (ns) S, (dB) i V(S:;gt;o;v)
908.5 911 908.5 911 514 Max (dB) i
MFHz MHz c
1005 1041 1025 065 064 084 _o5E5 950 0.0
2000 2010 . 1970 185 137 180 9674 100 | 144
3051 3077 oese . Ips -y o8 bigd  Rn 17.5
4001 . 8938 37 268 D68 ioqt ) o4l 7.0 19.8

The values of the variable capaci-

-E— - 3 20 tor and inductor are controlled by
= _ ; ;g-_m two separate bias voltages that must
= 10 = satisfy the fixed resonance condition.
é—&_? e The measured results of the pro-
RF & Microwave &% 202 posed GDTA unit, tested at 911
5ll|llti0ns § : 30 Mz, are shown in Table 1. As GD
8. TR g s e s L is increased, the reflection character-
§ § § . g E § istics are getting increasingly worse,
FREQUENCY (MHz) due to the. parasitic component of the
Fast. (a) : varactor diode.
Flexible b i The Balanced GDTA
: = 40 In order to obtain better reflection
For youl. £a 2 7 = characteristics of the GDTA, a bal-
E*_?- (" 7 ’g = anced GDTA structure is proposed
B o1 / -10% and shown in Figure 8. It is com-
2 g—:g e posed of two hybrid couplers (RF
Whether it's custom g -4 —40 Power, SO3A888N1) and two unit
filters or stock components, v _5£ SR 3_50 GDTAs. The overall circuit size is 79
you need solutions tailored 5.8 8 o8 T x 39 mm, as shown in Figure 9. The
for your unigue requipements_ (b) FREQUENCY (MHz) i]'l][)]{i‘ll'l(:"llt(:‘d GDTA was tested in
And you need them fast. the Korean RFID frequency band
= (908.5 to 914.0 MHz). The group de-
o) o i o I - lay measurements of the proposed
At Trilithic, innovation is x 3 - 30 balanced GDTA are shown in Table
about more than engineering ] 217 \ fg 2 2 and Figure 10.
and technalogy. It's about é_::_? _185. Although a group delay time vari-
listening to your needs gﬂ:';’ :;g&’, ance greater than 3 ns could be ob-
and expectations. 3 _,; _;,g tained, the ltransmnsm.n and _1-11(-
B e TR T group delay time flatness in the high
S0 together we can create g 8 g N8 group d()ld\ time region are in a
solutions that work for you - = :I;E t;Nc:(MHQS T trade-off 1eLLt1(msh]p so that there
today and tomorrow. (c) 4 . was no choice but to limit the actual
variation range to 3 ns. In that case,
E 5 50 the magnitude flatness is less than 0.1
u 3 y N ;g dB in the pass band and the maxi-
TRILITHIC E‘%‘ f f N fg v mum reflection coefficient is approxi-
INNOVATIVE ENGINEERING T~ o 0 mately —24.4 dB. These satisfactory
e b results can be applied to systems
& 2 -30 where the group delay time nmtdmw
y ¥ 2 . with good ﬂatneq'-“. is critical.
To find out more, call © T R R T S
(800) 344-2412 or E = & ¢ = = BASE STATION FFW PA DESIGN
visit wnwi. trilithic.com. (@ FREQUENCY (MHz) USING THE PROPOSED GDTA
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A Fig. 10 Electrical characteristics of the
balanced GDTA at 1 ns (a), 2 ns (b), 3 ns (c)
and 4 ns (d).

To obtain broadband signal cancel-
lation, broadband amplitude, out-of-
phase and group delay matching are

MICROWAVE JOURNAL ® FEBRUARY 2008 S/




at an average output power of 40
dBm is shown before and after can-
cellation. The ACLR at a 3.125 MHz
offset is —=52.12 dBc, improved by ap-
proximately 17.2 dB by the cancella-
tion. The amount of improvement is
smaller than expected from the re-
sults shown on the network analyzer
because of the limitation of the mea-
surement setup. The proposed system
shows excellent linearity throughout
the output dynamic range.

CONCLUSION

A new GDTA unit was designed
that can control the group delay time
of a signal using a parallel resonance
circuit. Keeping the resonance fre-
quency fixed, the group delay time
can be adjusted by the combination
of values of capacitance and induc-
tance through a simple voltage con-
trol. The fabricated balanced GDTA
improves the poor reflection charac-
teristics of the single GDTA unit and
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Visit our website or contact our applications engineers for fast solutions fo your component questions.
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offers a group delay time variation of
approximately 3 ns. Also, the validity
of the proposed GDTA was estab-
lished by applying the circuit to a
feedforward linearization. The pro-

A Fig. 13 Carrier cancellation loop
suppression of the FI'W PA using the GDTA
(a) and IMD cancellation loop (b).

WITHOUT FFW (3.125 MHz)
WITH FFW (3.125 MHz)
WITHOUT FFW (4.375 MHz)
WITH FFW (4.375 MHz)

A Fig. 14 Measured ACLR characteristics
over the dynamic range (a) and power
spectral density of the FEW PA using GDTA
(b), with and without the FFW loop.
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posed GDTA will contribute not only
to the improvement of the quality of
a communication, but also to the sim-
plification of the group delay time
tuning procedure of a communication
system. H
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