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Analog Reflection Topology Building Blocks for
Adaptive Microwave Signal Processing Applications

Stepan Lucyszyn, Member, IEEE, and Ian D. Robertson, Member, IEEE

Abstract— The synthesis and realization of an analog—phase
shifter, delay line, attenuator, and group delay synthesizer—are
presented. These variable control devices are all implemented
using the same generic single stage reflection topology. The
optimum conditions of operation have been determined and
the corresponding group delay behaviors have been investi-
gated to produce simple design equations. As proof-of-concepts,
monolithic technology has been used to realize an X-band,
phase shifter, delay line, and attenuator. Hybrid technology
has been used to realize an L-band, group-delay synthesizer.
Because of the high levels of performance measured, these control
devices are ideally suited for use as general building blocks in
adaptive signal processing applications, including large phased
array applications.

I. INTRODUCTION

ARIABLE control devices play an important role in
general adaptive signal processing applications. When
compared to a purely digital implementation, analog control
devices:
* require only one control wire per device
» do not require expensive foundry processing to realize
high quality switches
* require almost no control power with a passive reflection
topology incorporating varactor diodes and cold-FET’s
« can make much more efficient use of expensive chip space
with a reflection topology that uses active circulators [1]
« do not suffer from quantization errors
« casily correct for any degradation in performance at-
tributed to fabrication process variations
 enable calibration corrections to be performed once inte-
grated into a subsystem
» easily correct for any degradation in performance at-
tributed to adverse operating conditions

As a result of these significant advantages, analog control
devices appear ideal for large adaptive phased arrays and other
high performance applications. The synthesis and realization
of an analog—phase shifter, delay line, attenuator, and group
delay synthesizer—are presented in this paper.

II. SYNTHESIS

The design of the variable phase shifter (PS), delay line
(DL), attenuator (AT), and group delay synthesizer (GDS) are
all based on the same generic reflection topology, illustrated
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in Fig. 1. The table in Fig. 1 gives the reflection termination
constraints for synthesizing the appropriate building block. For
simplicity, the directional coupler is assumed to be lossless,
perfectly matched, and having infinite isolation. With reference
to Fig. 1, a proportion of the input power emerges from
the direct port, where the resulting incident voltage wave is
reflected from its terminating impedance, Z7. A proportion of
the reflected signal is transmitted back to the input port and
a proportion is coupled into the isolated port. Similarly, the
remainder of the input power emerges from the coupled port
where its reflected signal is also sent to both the input and
isolated ports. This scenario can be expressed analytically as
follows:

S11 = pr(S53 + S§ (1

where S1; = input voltage reflection coefficient of the control
device;pr = voltage reflection coefficient of the reflection
termination;S§; = coupled voltage transmission coefficient of
the coupler; and S§; = direct voltage transmission coefficient
of the coupler.

It can be seen from (1) that the voltage wave emerging from
the input port will have zero amplitude when equal power
split and phase quadrature, between the coupled and direct
ports, are maintained—resulting in a perfect input and output
impedance match. Also,

So1 = 285, p7541 2

where S»1 = forward voltage transmission coefficient of the
control device.

It can be seen from (2) that the voltage wave emerging from
the isolation port will have an amplitude equal to that entering
the input port with a 3-dB directional coupler and purely
reactive reflection terminations—resulting in zero insertion
1oss. From (2), the insertion phase of the control device is
given by the following:

4521 = 1551 + ZPT + ZSZl (3)
Therefore,

L85 = Lpr + 2255, + 90°when quadrature

coupling is maintained “
and,

A
LS9 = Lpr +90° - (1 - 2%)With an ideal 1
0

transmission line coupler 5)

where, f = frequency and fo = center frequency.
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3 dB quadrature
directional coupler

identical reflection terminations

Fig. 1. Generic reflection topology of the analog building blocks.

The voltage reflection coefficient of the reflection termina-
tion is expressed as follows:

_ZT—ZO

= 6
R (0)
Zr =Ry + j Xr Q)
Zo = system reference impedance.
Therefore,
o] = RZ - 7%+ X2 2+( 270Xy )2
pri= (RT + Zo)2 -+ X% (RT + Zo)2 -+ X%
®
and,
—1 2ZOAXT
= o5 |- 9
Lpr = tan (R%~Z}3+X% €]

Now, the group delay of the control device, T, is defined by
the following expression:

04821
=—— 10
T W 10)
where w = angular frequency. Therefore,
dLpr
= Tmin™ %5 11
T=T W (11)
where
T . . A
Tmin = — dictated by the ideal —
wWo 4
directional coupler (12)

and, for a general lossy series tuned circuit reflection termi-

COUPLER PORTS:
@ INPUT

® coupLED
@ ISOLATED

@ DIRECT

dons variable Ry L C
PS 0 0(*) *0)
DL 0 * *
AT * 9 9
GDS * ® ®

* represents a positive value

nation,
aZpT _ _2ZO(XL - Xc)
Ow w
200 - (B -2+ X3) )y
(2ZoXr1)? + (R% — Z3 + X2)?
X=X+ Xe (14)
X1 =wli.e. reactance of inductance L (15)
Xc = ;C i.e. reactance of capacitance C' (16)
w

A. Phase Shifter

An ideal phase shifter can be defined as a control device
that has a constant group-delay frequency response, that does
not change as its insertion phase varies, within its defined
bandwidth of operation. Its two characteristics features are:
a flat relative phase-shift frequency response, at all levels
of relative phase shift; and no change in the timing of an
input RF pulse envelope. As a result, ideal phase shifters can
be employed in multiple space diversity receiver-combiners
for aligning RF signals within a pulse envelope, but, without
changing the timing of the pulse edges. However, they should
not be employed in wideband beam forming networks for large
aperture phased array antennas, in order to avoid the effects
of ‘phase squinting’ and ‘pulse stretching’.

To implement a true wideband analog phase shifter with a
low phase error performance and constant group delay, a two-
stage cascaded-match reflection-type phase shifter is required
[2]. However, the more traditional single stage reflection
topology [3], [4], shown in Fig. 1, is not an ideal phase shifter,
since the phase error performance is usually very poor across
wide frequency ranges. As a result, group delay can vary
significantly for different levels of relative phase shift. It will
be demonstrated that a Lange coupler with capacitive reflection
terminations can have a level of phase error that is proportional
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to bandwidth. Therefore, an extremely small phase error can be
achieved across a narrow bandwidth. The conditions required
to achieve this optimal bandwidth, for a specified level of
absolute maximum phase error, will be presented. For the
simplified case of a lossless single reactive element reflection
termination:

3ZpT __ 2Z0|XT|
Ow w(XZ+ Zo?)’

a7

At center frequency, as the reactance varies from either |Xo| =
0 or oo towards |Xp| = Zo the insertion phase gradient
will decrease and, therefore, the group delay will increase. In
practice, a variable single reactive element can be implemented
with either varactor diodes [5]-[7] or through the use of
tunable active inductors (TAls) [8], [9].

Equation (17) can be re-written as follows:

8L 0
pr_ ) . (18)
aw w
1+ (£)
We
where,
2L .
mr(0) = 2CZo| or = for an inductor (19)
and,
1 Zo .
We = 70 <0r T for an 1nductor) . (20)

From (18), it can be deduced that the frequency response
of the group delay will resemble the insertion loss frequency
response of a varying first order Butterworth low pass filter
and, therefore, be nonlinear. It has been found that the Lange
coupler approximates an ideal 3-dB quadrature coupler at cen-
ter frequency. Therefore, accurate predictions of the relative
phase shift and the variation in group delay can be made at
center frequency. The reduction in the coupling coefficient,
away from center frequency, has been exploited to compensate
for the nonlinear behavior of the group delay frequency
response. As a result, the group-delay frequency response can
be considered constant, as a first order approximation within
a 40% bandwidth, BW;,,, centred on f,—for any value of
reflection termination capacitance or inductance. The resulting
ideal insertion phase frequency response of the phase shifter
with an ideal Lange coupler is illustrated in Fig. 2. It can
be seen that the maximum relative phase shift, AZS21|max.
will always be less than 180° for a single reactive element
reflection termination.

By inspection of Fig. 2, the worst-case bandwidth scenario,
which also gives the maximum variation in group delay,
will occur when |Xr| is either always below Zo or always
above Zo. With the absolute maximum tolerable phase error,
Sabs. max, it can be shown that the maximum bandwidth
of operation, BW,,,. for this worst-case scenario can be
expressed as follows: for 0 < AZS21(wo)|max <90°:

BWmaX _ 2[6|abs. max
fo AZ521((‘10)lmax

2D

270‘

180
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Fig. 2. Ideal insertion phase frequency responses of the phase shifter.

for 90°< A/ S21(wo)|max < 180°:

BWmax - l(slabs‘ max
fo 45°

(22)

The optimum conditions of operation will now be inves-
tigated for the design of a phase shifter with single reactive
element reflection terminations having either a minimum vari-
ation in group delay or a maximum relative phase shift—for
a fixed value of baps. max-

B. Minimum Group Delay Variation

If the fractional relative phase shift at center frequency is
given by

_ A[Szl(wo)
AZ‘S"2l(("}0)|maux

! (23)
the minimum group delay variation condition is achieved when
the maximum group delay at center frequency, 7', occurs
at o = 0.5. The resulting maximum fractional bandwidth
of operation for this best-case scenario can be expressed as
follows: for 0 < AZS21(Wo)|max < 180°:

BWmaX . 4|6|abs. max
fo B Als2l(wo)|max.

This expression shows that bandwidth is inversely propor-
tional to the maximum level of relative phase shift. Using (24)
it can be shown that with the minimum group delay variation
condition the maximum phase error, 8.y, Within BWyay is
given by the following:

(24)

(25)

BWinax
1/) = AZSZI(“-)ONmax . ( )

2
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for 0 < o < 0.5:

l§|max - Q- (%) (26)
and for 0.5 < ¢ < 1.0:
[6]max = (1 — ) - (%) 27

It has been found that when operating in this best-case
bandwidth scenario, the group delay and its peak variation
at center frequency, o, can be accurately predicted from the
following:

7 =17° 4 2|o] sin («180°) (28)
where,
+ _ o
o=+ <T——~L) (29)
2
o= 1+ (30)
Wo
and,
7% = Tinin + & €08 (0.5A£S21 (wo) |max) 3D
1
[ — (32)
Wo

For the minimum group delay variation condition, the ideal
group delay variation at centre frequency and the correspond-
ing maximum phase error within, BW .. are illustrated in
Fig. 3, for variations in fractional relative phase shift. Using
(12), (17), (31), simple design equations for the minimum and
maximum reactance values and the associated frequency tun-
ing ratio. m, of the reflection terminations can be determined
as follows:

_aZPT
Oow

(T - 7—min) = (33)

Wo

with,
T=7°. (34)

Therefore, for a lossless single reactive element reflection
termination,

1+ /1 —(2vZ0)2
|1Xz| = ; (2rZ0) (35)
Y
where
WeT — T
= 270 (36)
Therefore.
|XT|max
m= [ 37
|4XT|min

Ialabs. max

-7

T+ 34

2.5

A £S21(wo)max=72 °
fo=10 GHz |,
BWmax=4 GHz

group delay variation, ps

maximum phase error, degrees

T 09 T T T T 0
0 0.2 0.4 0.6 0.8 1

fractional relative phase shift

Fig. 3. Phase shifter characteristics when operating in the minimum group
delay variation condition.

The minimum and maximum values for capacitance or
inductance can be obtained from |Xp| using (15) or (16).
For an MMIC implementation, standard MESFET’s can be
used to realize practical interdigitated planar Schottky varactor
diodes (IPSVDs). Using this low cost technique, it has been
demonstrated that the zero bias junction capacitance values can
range from 0.1 to 10 pF [7]—while having a frequency tuning
ratio of approximately 2.6 [6]—using standard GaAs foundry
processing. If, however, optimal IPSVD topographies and
processing are employed frequency tuning ratios in excess of
7.5 can be achieved [5]. A TAI realized using low cost foundry
processing techniques, has been reported with a frequency
tuning ratio of 4.5 [8].

C. Maximum Relative Phase Shift

For some applications the maximum level of relative phase
shift attainable with a single stage topology is of primary
importance. It has been found that AZS21(w,)|max can be
increased by 25% for the same maximum bandwidth obtained
when operating in the previous minimum group delay variation
condition. Alternatively, the maximum bandwidth can be in-
creased by 25% for the same value of AZ.S2;(w,)|max- For this
maximum relative phase shift condition, A/ZS21(w, )|max has a
reduction in its upper theoretical limit to 150°. The resulting
maximum bandwidth of operation for this new best-case sce-
nario can be expressed as follows: for 0 < AZSs;1(we)lmax <
150°:

BWmax . 5|6|abs. max
fo AZSQl(onmax'

A typical example of the fractional bandwidth performance
curves for the worst- and best-case scenarios is illustrated in
Fig. 4, with 0aps. max = £5°. While providing the largest
maximum bandwidth, the penalty for this new operating
condition is a doubling in the peak variation in group delay

(38)
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Fig. 4. Bandwidth performance of the phase shifter for different operation
scenarios.

at center frequency and an increase in the required frequency
tuning ratio. Using (38) it can be shown that with the maximum
relative phase shift condition the maximum phase error, dmax,
within BWp,,x is given by the following: for 0 < o < 0.4:

Pl =+ (%) (39)
for 04 < o < 0.8:
|6]max = (0.8 — ) - <%> (40)
for 0.8 < a < It
Bl = (o= 08) 9. @)

It has been found that when operating in this new best-case
bandwidth scenario, the group delay and its peak variation
at center frequency can be accurately predicted from the
following:

T =77+ 2|o]| sin (30° + «150°) (42)
where,
oc=+(r°—77) “43)
7° = Tinin + € €08 (0.4A 2821 (wo) | max) “44)
and,
77 = Tmin + € €08 (0.6A 2821 (o) max)- 45

For the maximum relative phase shift condition, the ideal
group delay variation at centre frequency and the correspond-
ing maximum phase error, within BWy, ., are illustrated in
Fig. 5, for variations in fractional relative phase shift. Simple
design equations for the minimum and maximum reactance
values can be determined using (33), (35), and (36), where the
minimum value of |X7| is determined with
for | Xr| < Zo

r=7°

(46)

iS‘abs. max
T+ 7. 7

- 6 %
w 6 L5 2
a2 &0
R — - 42
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= 2 £
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Fig. 5. Phase shifter characteristics when operating in the maximum relative
phase shift condition.

and, the maximum value of | X/ is determined with,

T=1" for | Xr| > Zo. 47

In the same way as before, the minimum and maximum
values for capacitance or inductance, and the corresponding
frequency tuning ratio, can be obtained from | X[, using (15)

or (16) and (37).

D. Delay Line

An ideal time shifter can be defined as a control device that
has a constant group delay frequency response with a level
that changes as its insertion phase varies, within a defined
bandwidth of operation. Its two characteristic features are: a
linear relative phase shift frequency response, with a gradient
that changes as the value of relative phase shift varies; and a
change in the timing of an input RF pulse envelope. A special
case of an ideal time shifter is a variable delay line, which is
defined by the following:

_ AZS’Zl(w)

w

AT (48)
where A7 = relative shift in group delay.

Therefore, the group delay for a true delay line can be
expressed as follows:

T = Tmax — O4A7-lrnax (49)
where,
A max
AT|max = ﬁz_ll_a (50
w
Therefore, using (23),
1 AZSQl
= —_—— = . 51
T = Tmax I < 360° ) (51



606 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 3, MARCH 1995

Phase Shifter

Delay Line

Attenuator

(b)

Fig. 6. Building block implementations: (&) monolithic phase shifter, delay
line and attenuator; (b) hybrid group delay synthesizer.

Variable delay lines are required in adaptive beam forming
networks of wideband phased array antennas. For large aper-
ture arrays, containing hundreds or thousands of elements, the
delay lines should ideally have the following characteristics:

« at the lowest frequency of
AL821(w1)|max = 360°

* large number of phase states, with high accuracy

* AT = (A/S82;)/w, at all operational frequencies

* negligible PM/AM conversion

* very low insertion loss

* very high return loss

¢ very low control power

operation,  wq,

Common classes of general time shifters that are compat-
ible with both hybrid and monolithic microwave integrated
circuit technologies are: switched-line [10]; loaded-line [11];
and reflection-type [12]. With the switched-line approach,
PIN diodes or switching MESFET’s are employed to route
the input RF signal into the appropriate length of matched
transmission line. The amount of induced group delay is
directly proportional to the difference in the physical lengths
of the selected line and the reference line. With this purely
digital implementation, a wide bandwidth can be achieved,
however, the amount of chip space increases exponentially as

the required number of phase states increases. With the loaded-
line approach, a transmission line is periodically loaded with
shunt reactive elements to ground. The amount of induced
group delay increases with an increase in shunt element
capacitance. In order to mutually cancel the reflections from
theses elements, they have to be separated by a A/4 section
of line and the induced phase shift per section must be small.
This usually analog implementation is essentially narrow band
and still requires considerable chip space. Until recently,
only digital reflection-type time shifters had been reported
[12]. Here, identical lumped element tapped transmission lines
terminate the coupled and direct ports of the -directional
coupler. A number of equally spaced shunt switches can
connect the transmission line to ground, but, only one switch
per reflection termination is in the on-state at any time, Ideally,
the amount of induced group delay is directly proportional to
the distance along the line from the on-state switch to the
reference off-state switch. While providing a wide bandwidth
and requiring only minimal chip space, there is a practical limit
on the number of possible phase states at higher microwave
frequencies—due to the physical size of the switches. Also,
where power is at a premium, as in the case of satellite or
portable applications, considerable control power would be
required for large aperture arrays.

It can be deduced from Fig. 2 that the reflection-type phase
shifter having a single reactive element reflection termination,
operating in the worst-case bandwidth scenario, can exhibit a
time shifter characteristic. However, a true delay line charac-
teristic can only be exhibited over a very narrow frequency
range. In order to achieve a wideband performance, it has
been found that the reflection terminations must consist of a
variable capacitor in series with a fixed inductor. The first
proof-of-concept analog reflection-type delay line, employing
a Lange coupler, was demonstrated using hybrid technology
[13]. Here, the center frequency was 750 MHz and a high
performance was measured over a 40% bandwidth. No analysis
of this analog delay line was presented.

Now, (13) can be re-written for a lossless series L-C' tuned
circuit in the following form:

8ZpT .
dw —7(0)
2
(&) -
. wOS
1 2
(&) (e ) () +
os TrilWos Wos
(52)
where,
(0} =2CZ0 (53)
47
7r(0) = 7o (54)
and,
Wes = -1— (55)
08 — \/ﬁ

From (52), it can be deduced that the frequency response of
the group delay will resemble the insertion loss response of a
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Fig. 7. Measured performance of the phase shifter: (a) relative phase shift; (b) group delay.

second order low pass filter and, therefore, be highly nonlinear.
As with the phase shifter, a Lange coupler has been used
to compensate for the nonlinear behavior of the group delay
frequency response. The resulting design equations for a true
variable delay line, employing a four-finger Lange coupler,
have been determined empirically and are given below:

4.0 3.0 Zo
L=—nH; Cupax = —0F; d Rr<— (56
7, O = s and Hr < 3580 (0)

where, f, has units of GHz.

From (3), it is clear that the relative phase shift is equal
to the amount of change in the angle of the voltage reflec-
tion coefficient of the reflection termination, when an ideal
coupler is employed. Therefore, as a good approximation, the
frequency tuning ratio required by the variable capacitor can

be determined from the following: for w1 < w < wo:

1
m = 57
1— AZSZl(w)Imax . Woslmin ( )
180° w
where
1
Wos|min = T (58)

E. Attenuator

Variable attenuators are control devices traditionally found
in vector modulators, adaptive beam forming networks and
measurement set-ups. In addition, they can be used as variable
taps, in direct implementation transversal and recursive filter
architectures. An analog reflection-type attenuator topology
was demonstrated by Devlin [14]. Here, a resistive reflection
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termination was realized with a cold-FET. Unfortunately, no
measured results were reported for this device. The measured
performance for a similar analog reflection-type attenuator is
given in this paper.

F. Group Delay Synthesizer

A variable group delay synthesizer is a control device
that traditionally finds applications in adaptive group delay
equalization networks. By inspection of (10), it is apparent that
the negative insertion phase gradient will result in a positive
group delay, and a positive gradient can result in a negative
group delay.

It has been found that with a reflection topology employ-
ing simple R-L-C tuned circuit reflection terminations, both
positive and negative gradients can be achieved. Using (11),
(13), it can be shown that when series resonance occurs at
center frequency

(59)

leos = Tiin T TT<wOS)

where
4ZoL

S ZAR ©0

Tr (wos)
From (60), it can be deduced that as the series resistance
of the reflection termination increases from Ry = 0 towards
Zo~, the group delay will rapidly increase from 7|, , =
(Tmin + 4L/Z0) towards +oco. Similarly, if the resistance
decreases from Ry = oo towards Zot, the group delay will
rapidly decrease from 7,;, towards —oo. It must be noted that
when the network is lossy, the group delay of a network is not
the same as the transit time through the network. Therefore,
when synthesizing large positive or negative group delays, a
significant insertion loss penalty will be incurred.

III. REALIZATION

As proof-of-concepts, monolithic technology has been used
to realize an X-band: phase shifter; delay line and attenuator.
These control devices were designed using the equations
presented in this paper for a center frequency of 10 GHz and a
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bandwidth covering 8 to 12 GHz. Hybrid technology has been
used to realize an L-band group delay synthesizer operating
with a center frequency of 1 GHz. With all the control
devices, traditional microstrip techniques are used, employing
folded 4-finger Lange couplers. The variable reactances are
implemented with varactor diodes and the variable resistors are
realized using cold-FET’s. High value bias resistors are used
to prevent RF leakage and as forward bias current limiters.
The GaAs MMIC’s were fabricated at the GEC-Marconi
(Caswell) foundry, using their standard low-cost F20 foundry
process. A microphotograph for the phase shifter, delay line
and attenuator are shown in Fig. 6(a). Standard 0.5 ym MES-
FET’s are used to realize the variable capacitors [6], [7] and
variable resistors. With the phase shifter and delay line, a
back-to-back arrangement is adopted for the IPSVD’s. This
increases the maximum RF power level of the devices and
reduces the errors in the resulting relative phase shift levels
when operating at higher RF power levels [4]. The X-band
MMIC control devices have an active area of 2.4 x 1.0 mm?,
A photograph of the experimental hybrid MIC group delay
synthesizer is shown in Fig. 6(b). Surface mounted bias resis-
tors and DC blocking capacitors were attached directly onto

the alumina substrate. The combined inductance of the bond
wires, which connect the capacitors and cold-FET’s together,
form the reflection termination inductor. The complete L-band
hybrid MIC group delay synthesizer has a total area of 1.0 x
1.0 in.%.

IV. MEASURED RESULTS

With the phase shifter operating in the maximum relative
phase shift condition, the measured relative phase shift perfor-
mance, with its associated tuning characteristic, are shown in
Fig. 7(a). As expected, the rms phase error increases almost
linearly from zero at center frequency to +2.5° at the band
edges. The corresponding group delay performance, with its
associated variation in group delay, are shown in Fig. 7(b). The
calculated variation in group delay has also been superimposed
onto the measured results—demonstrating an almost perfect
agreement. The mean level of insertion loss is 1.5 dB, with
an rms amplitude error of +0.7 dB maintained at all levels
of relative phase shift and at all frequencies. The worst-case
return loss decreases almost linearly from 33 dB at center
frequency to 18 dB at the band edges.

The measured relative phase shift pecformance, with its
associated tuning characteristic, for the delay line are shown in
Fig. 8(a). The corresponding group delay performance, with its
associated variation in group delay, are shown in Fig. 8(b). The
calculated variation in group delay for an ideal variable delay
line has been superimposed onto the measured results—again,
an almost perfect agreement is demonstrated. The variation in
group delay for the phase shifter operating in the minimum
group delay variation condition has also been included for
comparison. The mean level of insertion loss is 1.6 dB. with
an rms amplitude error of +0.6 dB maintained at all levels
of relative phase shift and at all frequencies. The worst-case
return loss decreases almost linearly from 28 dB at center
frequency to 18 dB at the band edges.

For the variable attenuator, the measured levels of attenu-
ation, with its associated tuning characteristic, are shown in
Fig. 9. It can be seen that a good performance is found across
a wide bandwidth. A dynamic range of 14 dB is achieved at
center frequency. The worst-case return loss decreases almost
linearly from 24 dB at center frequency to 19 dB at the band
edges.

As with the other control devices, conventional on-wafer
probing techniques were used to measure the hybrid MIC
group delay synthesizer [15]. To facilitate this, a special
grounded coplanar waveguide-to-microstrip transition was re-
quired [16]. The measured group delay performance, with its
associated tuning characteristic, are shown in Fig. 10(a). As
the negative gate bias potential increases from zero towards
—2.43 V, the drain-source resistance increases towards Ry =
Zo™ and, therefore, the group delay approaches the positive
singularity. Similarly, when the negative gate bias decreases
from the punch-through potential towards —2.43 V, the drain-
source resistance decreases towards Ry = Zot and, therefore,
the group delay approaches the negative singularity. The
corresponding insertion loss performances, with its associated
variation at center frequency, are shown in Fig. 10(b). One of
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Fig. 10. Measured performance of the group delay synthesizer: (a) group delay; (b) insertion loss.

the inherent advantages with this synthesizer is its excellent
return loss performance. The worst-case measured return loss
was 26 dB. This enables the synthesizer to be embedded
between two high gain amplifiers, required to overcome the
high levels of insertion loss, without increasing the risk of
instability.

V. CONCLUSION

A group of four individual analog control devices, which
all share the same generic reflection topology, have been pre-
sented. The conditions required to achieve the optimal band-
width performance for a variable phase shifter and variable
delay line have been investigated in detail and demonstrated
in practice.

Group delay is very sensitive to very small perturbations in
the insertion phase frequency response. With a real directional
coupler there is a significant deviation in the insertion phase
frequency response from that of the ideal linear response,
because of the finite isolation and return loss characteristics
of a real coupler. When the effects of ideal feed lines to

the coupler are taken into account, it becomes apparent that
(12) is only a rough approximation. In practice, the measured
values of absolute group delay at center frequency are lower
that predicted by approximately 20%. However, the measured
variations in group delay at center frequency are very close to
those predicted using the equations presented here. Also, be-
cause of the non-idealities of the Lange coupler, the measured
fractional bandwidths of the phase shifter are approximately
double those predicted.

The high measured performance levels of the MMIC control
devices make them ideal for use in: large adaptive beam
forming networks; direct implementation transversal/recursive
filters; and general microwave signal processing applications.

The group delay synthesizer could find applications in
adaptive group delay equalization networks and even band stop
filters. Also, when group delay is near a singularity it can be
used to realize a non-drifting feedback oscillator. The oscillator
could exhibit a high long-term stability, due to the very
steep insertion phase gradients that can be achieved. These
applications are totally compatible with MMIC technology—the
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latter two offer the additional advantage of not requiring
off-chip high-Q resonators. However, the noise performances
would be rather poor, because of the high levels of insertion
loss.
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