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hen examining a monthly bank account statement, it is not
only the number below the bottom line that matters. Whether
that number has a minus or plus in front of it is crucial. For
many technical problems, the sign matters as well. In circuits,
we can change the sign by means of phase shifters. Moreover,
by using phase shifters, intermediate states between the signs (including com-
plex values) can be set in circuits. Hence, phase shifters play an important role in
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The most common integrated
phase shifters are based on vector
modulator, distributed, reflective-
type, and switched-type topologies.
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electrical engineering. Unfortunately, this article does
not give direct insights to change the sign of your bank
statement. However, it aims to give a comprehensive
overview of tunable phase shifters for radio frequen-
cy (RF) applications including cookbooklike design
guidelines and performance comparisons. The focus
of this article is put on phase shifters fully integrated
in a chip.
Phase shifters are required for many RF systems.
Examples are as follows:
® Smart antenna systems (e.g., to steer the signal
beam and to optimally exploit diversity)
* Measurement equipment (e.g., for the generation
and alignment of differential signals)
e Amplifier linearization systems (e.g., to cancel
undesired frequency components)
¢ Phase-locked loops (to align the phase of the
oscillator signal with that of a reference)
* Image rejection receivers (to set the phase such
that the undesired image can be canceled)
¢ High-speed multirate front ends for optical com-
munications (by means of multiple phase paths
more sampling points are generated relaxing the
clock speed at same data speed).

Requirements
For the development and optimization of integrated
phase shifters, a broad range of design constraints
have to be considered. Among the key design param-
eters and requirements are

® Phase control range: frequently 360° to reach the

full phase space

® Phase resolution: theoretically each intermedi-
ate phase can be reached if the control is ana-
logue. In this context, a linear control response
is favorable to minimize the corresponding reso-
lution required for the digital to analogue con-
verters (DACs). The phase control resolution of
switched-type phase shifters is limited by the
available bit resolution
Group delay: can have a significant impact on
broadband signals
Insertion loss: gain can be achieved by active
implementations, whereas the dc power saved
in passive circuits can be used for additional
preamplifiers
Variation of insertion loss versus phase: may require
compensation e.g.,, by means of a variable gain
amplifier (VGA)

IEEE microwave magazine

® Bandwidth: the loss, phase, and group delay char-
acteristics versus frequency are important. A
high bandwidth tends to have a lower sensitivity
to process and temperature variations

® RF large signal capabilities: for example, repre-
sented by the 1 dB compression point at the input
(P14p) and the third-order intercept point at the
input (IIP3)

e Power consumption: relevant especially for bat-
tery-driven devices and for arrays with multiple
paths

¢ Chip size: as small as possible to decrease costs and
device dimensions, especially for system arrays

* Noise: important for some applications, for exam-
ple in phased array receivers, where the phase
shifters are directly connected with the antennas

e System stability: in advance and from system per-
spective, the designer should carefully take into
account stability at all phase states. In this con-
text, parasitic feedback loops have to be consid-
ered, for example due to substrate coupling and
the nonideal grounds on a printed circuit boards
(PCBs).

This multiplicity of constraints makes the design
of integrated phase shifters to a challenging task in
which reasonable tradeoffs have to be found. The indi-
vidual system requirements have to be considered for
the optimum choice of the phase shifter topology.

Topologies

A variety of RF PCB-based [1] and fully integrated
[2] active and passive phase shifter approaches have
been invented to meet specific requirements. Pas-
sive approaches exhibit insertion loss while provid-
ing good large signal properties. The most common
integrated phase shifters are based on vector modu-
lator, distributed, reflective-type, and switched-type
topologies. Pros and cons of the approaches, includ-
ing subtypes, are summarized in Table 1. In the
following sections, we will discuss the functional
principles of these approaches, including cookbook-
like design guidelines, IC hardware, and perfor-
mance examples.

Vector Modulators

Figure 1 sketches the architecture of a vector modula-
tor with a phase control range of 90°. The input signal
is divided into two paths with 90° (I/Q) offset, which
are amplitude-weighted by VGAs or attenuators, and
finally combined. Various modifications are possible;
for example, the phase offset may also be implemented
in front of the amplifiers, the amplifiers may act as
dividers or combiners, and the combiner and the phase
offset may be accomplished by means of a 90° hybrid
or low-pass/high-pass filters. LC (inductor capacitor)
filters allow low losses but only small bandwidths,
whereas resistor capacitor (RC)-based topologies
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enable higher bandwidth at the expense of significant If the amplitude control elements

loss. According to Figure 1(b), the resulting phase and id fficient - trol

magnitude are given by proviae a suificient gain controi range,
vector modulators can be employed

Ve -
4V, =arctan, - @ for both phase and gain control.
and
V.| =V |V&| + |V3l. ) overall gain, the individual gains of the branches have to
be set properly, for example, by using a look-up table.
Obviously, every phase between 0° and 90° can be Gain/attenuation control components with high
achieved by weighting the path gains. To obtain constant gain control range, typically in the excess of 20 dB, are

TABLE 1. Typical qualitative performance of integrated phase shifter approaches. TL: transmission lines,

LP: low-pass filter, HP: high-pass filter, g,,: transconductance, Z: impedance, L: inductance.

Phase
Type Subtype Comment | control Loss/ripple | BW Size Noise Poc
VGA Phase Large |L ow (gain)/ Sm(aj!l/ Large Low ;\Aedlum/
Vector offsets e.g,, oY Medium darge
modulator by filters Simillar
Attenuators | o couplers | Large High/low Medium Medium - Zero
Varactor Medium/ Similar
TL tuned Large medium Large Very large 10 loss Zero
Varactor Large Medium/ Large Large Similar Zero
Distributed tuned g medium g g to loss
LP-sections
Varactor Small/ Medium/
and active | Very large . Very large | Large Large
medium large
L tuned
Varactor Small Small/small Medium Medium St 2 Zero
tuned to loss
Varactor
s, Medium U/ Small Medium Sl Zero
resonated large to loss
Coupler with L
based Arof
Parallel LC et Large/ Srmall i Similar Zero
resonances large to loss
Reflective Varactor
type and active e Med{um/ Srmal Srmall e Medium/
L tuned, medium large
resonated
Z tuning Small Med!um/ Large Small Large Medium
medium
Circulator . . Medium/
based g, tuning Medium Small/small | Large Small Large iz
S ::ind VA Largg/ Med!um/ Lo Srmall Lo Medium/
tuning medium medium large
TL ) Large, I?Ut ngh./ Medium Very Large Similar Zero
Simple resolution | medium to loss
Switched “digital” limited by ] o
HP/LP control number of | High/ Small Large Similar— | 7¢r
Bits medium to loss
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The higher the capacitance control
ratio and the higher the characteristic
length of the equivalent line, the
higher the tuning range.

required to reach the phase range borders. Due to the
high maximum gain and the high possible attenuation,
cascode amplifiers are well suited. Minimum insertion
phase and port impedance variations versus gain have
to be guaranteed. Otherwise, phase and gain errors
result, which may require calibration. In this context,
optimized VGAs were presented in [3]-[6].

If the amplitude control elements provide a suf-
ficient gain control range, vector modulators can be
employed for both phase and gain control. In this
case, in addition to the relative gain magnitudes, the
absolute values of the gain are set. Vector modulators
require no special devices such as optimized varac-
tors. Hence, vector modulators are well suited for inte-
gration in a variety of common technologies.

Typically, to achieve 360° phase control,four paths, each
exhibiting phase offsets of 90°, are required. At any given
time, only two phase branches are selected by switches.
Hence, the number of VGAs can be reduced to two by
path switching. The four phase paths can, for example, be
generated by using optimized quadrature allpass filters

Out

Combiner

Figure 1. Vector modulator with 90° phase control range
[2], VGA: variable gain amplifier. (a) circuit architecture
and (b) vector diagram.
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(QAFs) in a differential configuration [7]. In Figure 2, a cir-
cuit hardware example operating at 5.5 GHz in 0.18 um
CMOS with 1.5V X 12 mA dc power, =7 dBm IIP3 at
maximum gain, and 1 mm? chip area is shown [8]. In
addition to the 360° phase control functionality, this vector
modulator also provides gain control functionality with a
control range from —20 dB to 1.5 dB. A circuit in 0.18 um
complementary —metal-oxide-semiconductor (CMOS)
operating at 15-20 GHz with 360° phase control, 6 + 4 dB
loss, less than 112 mW dc power, and 0.7 mm? chip area
was published in [9]. A vector modulator at 50-56 GHz
in 90-nm CMOS with 4.9 = 0.9 dB loss, 23 mW dc power
and 0.4 mm? chip area was reported in [10].
Furthermore, architectures with three parallel paths
exhibiting 120° offset are possible. Referring to [11] and
Figure 3, a circuit example operating at 5-5.5 GHz with

1 1
Input+ 0°! !
I [180°1 - i
QAF [ 90° :
Input- Q27 (= |
I I
]
]
1
1

Quadrature ! Path VGAsi Combiner
Allpass Filter :

Output

' Selection

(@)

1.5

-1.5

415 -1.0 -05 00 05 10 1.5
Re {S,}

Figure 2. Active vector modulator at 5.5 GHz
implemented in 0.18 um CMOS technology [8]. (a) Circuit
architecture, (b) measured complex-plane response achieved
by simple, uncalibrated variation of the control voltages,
and (c) chip photo, chip size: 1.2 X 0.8 mm?.
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Figure 3. Active vector modulator operating at 5-5.5 GHz in 0.6 wm GaAs technology [11]. (a) Circuit schematic and

(b) chip photo, chip size: 0.9 X 1.4 mm?®.
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Figure 4. Architecture of a distributed phase shifter based
on low-pass filter sections [2].

360° phase control range, 0.6 dB gain, P45 of =9 dBm,
1.5V X 7mA dc power and 1.3 mm? chip area imple-
mented in 0.6 um GaAs metal-semiconductor field-
effect transistor (MESFET) technology was reported. A
simple passive version of such a topology with zero dc
power, 9 dB insertion loss, large P45 of 16.5 dBm, and
0.5 mm? chip area was demonstrated in [12]. By com-
bining the control voltages of shunt and series attenua-
tors, providing complementary attenuation the number
of control voltages can be reduced to one [13].

Due to their universal applicability, moderate re-
quirements regarding technologies (e.g., no varactors re-
quired), compact size, and ability for both phase and gain
control, vector modulators are used in a variety of adap-
tive antenna, beamforming, and phased array systems.
For details regarding such smart antenna systems using
vector modulators, the reader is referred to [14]-[19].

Distributed Phase Shifters

Phase can also be controlled by tuning of varactor
loaded transmission lines [20] enabling a relatively
large bandwidth. To decrease circuit size, at low to
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Figure 5. Phase control range versus equivalent
characteristic line length and capacitance control range t, at
a center operating frequency of one low-pass section.

moderate frequencies, lumped-element-equivalent
structures as depicted in Figure 4 are favorable. Ac-
cording to [21], the design equations for the inductance
and the center capacitor of one Il-low-pass segment
with equivalent characteristic length ¢ between 0°

and —90° are given by
)
tan( >

ez ©

and

Zysin
L= — M (4)
w
By varying the varactor capacitance from the mini-

mum value C,;, to the maximum value C,,,, the
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Phase can also be controlled
by tuning of varactor loaded
transmission lines enabling

a relatively large bandwidth.

102

phase can be adjusted. As illustrated in Figure 5, the
higher the capacitance control ratio
Cvmax

ty c._ 5)
and the higher the characteristic length of the equiva-
lent line, the higher the tuning range. The character-
istic length determines the difference in frequency
between the operating frequency and the resonance
frequency of the LC filters where maximum phase
variations are obtained. Unfortunately, higher induc-
tance values are required for increased characteristic
line lengths typically leading to raised loss. Hence, a
tradeoff between maximum phase control range and
minimum insertion loss has to be chosen. As a reason-
able rule of thumb, an equivalent characteristic length
of 55° per section is suggested. By cascading low-pass
sections, the phase control range can be multiplied.

b 360° ¥
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Figure 6. Varactor-tuned equivalent-transmission-line
phase shifter operating at 4—6 GHz with 360° phase
control in 0.18 um CMOS technology [22], V. denotes
the control voltage, ¢,y = £.(Sy). (a) Gain and phase
versus control voltage at 5.2 GHz and (b) chip photo, chip
size 1.3 X 0.8 mm?®.
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Figure 7. Circuit topology of the reflective-type phase
shifter using a branch-line coupler [2]. Phase control is
obtained by varying the phase of the reflection factor I'.

Of course, at the same time the losses are multiplied
as well. At a typical t, of four, in ideal case, at least
nine sections are required to achieve a control range
of 360°. Considering the impairments in silicon, such
as fixed parasitic capacitances, resistive losses, process
variations and enabling a bandwidth of at least 20%, in
practice, a number of around 14 sections is required.

Such a circuit yielding 360° phase control plus
margin and a bandwidth of at least 4.2-6.2 GHz was
implemented in 0.18 um CMOS technology [22]. The
control performance and the photo with chip area of
1 mm? are depicted in Figure 6. At 5.2 GHz, the inser-
tion loss amounts to — 7.3 *= 2 dB. A modified version,
optimized for low loss with six low-pass sections,
provides a phase control range of 195°, an insertion
loss of 3.6 = 1.5 dB, a P14 of 12 dBm and a chip area
of 0.6 mm? [23]. The tuning range per section can be
increased by tuning the inductances together with the
varactors. Active inductors as reported in [24] can be
used for this task.

Referring to [25], digital control of the capacitive
loading of the low-pass section can also be performed
using active distributed switches. The circuit has 4-bit
resolution at 11.6-12.6 GHz, —3.5 = 0.5 dB insertion
loss, 26.6 mW dc power and 1.7 mm? chip area. A dif-
ferential version of a distributed phase shifter has
been presented in [26]. To compensate for losses,
distributed phase shifters can be combined with dis-
tributed amplifiers [27].

Coupler-Based Reflective-Type Phase Shifters
By varying the element values of loads, the insertion
phase can be varied. However, typically such varia-
tions have a nondesired impact on the input and out-
put impedance matching of the circuit. A coupler can
be used to solve this problem. The signals are reflected
at the load terminals, which are isolated, by means of
the coupler, from the input and output nodes of the
phase shifter. The insertion phase variation of the cir-
cuit is proportional to the reflection coefficient at the
reflective loads given by

T2 ©

where Z, is the impedance of the reflective loads,
which in the ideal case is reactive, as discussed later.
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The reference impedance Z, is assumed to be resistive
e.g., 50 €). These types of circuits are called reflective
type phase shifters. The phase control can be calcu-
lated from

A _ 2|: t ( ‘Im(grmax) | ) _ aI‘Ctan( ‘Im(grmi_n) | >:|
¢ = arctan 7Z0 ZO ’

@)

where Z,.., and Z,;, denote the maximum and mini-
mum reflection impedances, respectively. Let us first
discuss the principle of the reflective-type phase
shifter based on a 90° branch-line coupler and two
equal reflective loads. The input signal is divided into
two parts. Each part is reflected at one of the reflective
loads. The loss of the circuit is given by

|Sx| = 20log(|T|). (8)

Referring to (8), resistive losses in the reflective
load have to be avoided to minimize the insertion
loss, which equals 0 dB if all elements are lossless.
Thus, reactive elements are favorable for the reflec-
tive loads.

If a varactor is used as reflective load, a phase con-
trol of up to 180° can be reached if the tuning range of
the varactor goes towards infinity. By resonating the
varactor with an inductor L, around the center fre-
quency of the phase shifter, the phase control range

Compared to passive couplers,

a much higher bandwidth can be
achieved by the active circulators
if broadband amplifier design
techniques are used.

can be increased up to 360°. However, since the tun-
ing range of varactors is limited, the full 360° can-
not be achieved in practice. A further increase of the
phase control range is feasible by employing parallel
loads with different resonance frequencies associated
with different values of the varactor capacitances. In
Figure 8, simulated reflection coefficients are plotted
for four reflective load options. In these simulations,
typical values and losses for integrated implementa-
tions are considered. In this specific example, the Q
factors of the inductors and varactors at 5 GHz are
around 15 and 30, respectively. The closer the lines
are to the reference impedance (in our case 50 (2),
the higher the insertion losses due to the fact that
a smaller part of the signal is reflected and a higher
part is absorbed in the reflective load. Both the inser-
tion losses and the associated ripple can be decreased
by adding a transformation network, which increases
the magnitude of the minimal reflection coefficient
and decreases the variations of the magnitude of the
reflection coefficient.

oM

C, L=23nH
Ap=190°

T 0.41pF
AN [ AT
€, Ly=14nH C, Ly=14nH

Figure 8. Simulated reflection coefficient of reflective loads including parasitics at 5.2 GHz. The varactor capacitance is

varied from 0.18 pF to 0.7 pF [28].
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The need for DACs can be
circumvented by using circuits that
require “digital” control voltages with
only two states: high or low.

Mode 1: Ap=360° || |Mode 2: Ap = 90°
S,1=—6.4dB + 3 dB S,1=—-2.8dB +0.4 dB
25 500
20 s 400
15 P21 /) 300

@ 10 Y 200
Q
E 5 // 100
- 0 S 0 =
I T ~100 €
& -10 > -200
_ NFE wf
10 \ / o | ] s =300
20 ‘ ] —400
25 I -500

(b)

Figure 9. Reflective-type phase shifter at 5.1-5.7 GHz
with 360° phase control in 0.6 wm GaAs MESFET
technology featuring a lumped-element coupler and
reflective loads with two parallel resonators and
transformation networks [28]. (a) Measured performance
for four different samples and (b) chip photo, size:

0.85 X 1.1 mm?.

Out

Figure 10. Block diagram of a circulator-based phase
shifter.
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A circuit operating between 5.1 and 5.7 GHz apply-
ing such reflective loads with two parallel resonators
and transformation network was reported in [28]. To
minimize the circuit dimensions, the coupler was
realized by lumped-elements. Information regarding
the design of such a lumped element coupler can be
found in [29]. Figure 9 depicts the measured perfor-
mance and the photo of the chip with size of 1 mm?
realized in 0.6 um GaAs MESFET technology. At
5.25 GHz, the circuit has a 360° phase control range,
an insertion loss of 6.4 * 3 dB loss, and a P45 rang-
ing from 2 to 15 dBm.

A simple implementation with reflective loads con-
sisting of just one resonated path was demonstrated in
0.25 um BiCMOS technology [30]. Between 14.9 and 15.7
GHz, the circuit has a phase control range of 120°, an
insertion loss of 5 = 1 dB and a chip area of 0.35 mm?.

The phase control range can be increased by vary-
ing the varactor and the inductor of the reflective loads
at the same time. This is possible by using active con-
trollable inductors. In [31], a corresponding circuit was
implemented in InP HEMT technology. Since external
hyperabrupt GaAs varactors are used, the circuit is not
fully integrated. The circuit yields a very low insertion
loss of 0.8 dB and a phase control of more than 225°
within a frequency range of 4.7-6.7 GHz, and has a
power consumption of 54 mW.

Circulator-Based

Reflective-Type Phase Shifters

Optionally, as shown in Figure 10, a three-port circu-
lator is well suited to isolate the impedance changes
of the reflective load on the input impedance and
output impedance of the phase shifter. Based on
three amplifiers, active circulators can be designed
[32], [33]. Such active circulator-based reflective-type
phase shifters can be optimized to have a transmis-
sion of [34]

1_gm2'gr

S, =
221 1 +gm2.zr/

©)
where g, represents the transconductance of the
amplifier driving the reflective load. Consequently,
the phase can be adjusted by tuning Z,, and in addi-
tion by tuning g,.,. Since g, can be controlled within
a wide range, relative large phase control ranges can
be achieved. Moreover, high quality factor (Q) metal
insulator metal capacitors with fixed values can be
used for Z,, resulting in lower losses with respect to
varactors exhibiting a lower Q. Compared to passive
couplers, a much higher bandwidth can be achieved
by the active circulators if broadband amplifier design
techniques are used.

Such a circuit was reported in [34]. Implemented
in 0.18 um BiCMOS and operating from 2.5 GHz to
10 GHz, the circuit provides a phase control range of
at least 90° and a gain of 0 = 0.5dB at 1.8 V X 4.6 mA
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dc power, while consuming a chip area of 0.475 mm?
and a core circuit area as small as 0.023 mm?. The mea-
sured phase versus control voltage and the chip photo
are plotted in Figure 11.

Switched-Type Phase Shifters

Until now, the discussions have been focused on phase
shifters with continuously adjustable phase by means
of analog control voltages. However, typically, in
practice, power consuming, costly DACs are required
to generate these analog control voltages. The need
for DACs can be circumvented by using circuits that
require “digital” control voltages with only two states:
high or low. The idea is to switch between different
phase paths. The individual phases can be realized by
means of delay lines, or better, because more compact,
by lumped high-pass/low-pass structures. An example
of a 4-bit phase shifter is illustrated in Figure 12. For
design guidelines of such high-pass/low-pass sec-
tions, the reader is referred to [2]. The phase resolution
of the circuit is determined by the least significant bit,
which in the example shown is 22.5° corresponding to
360° /bit-amount?. Eight (two times bit amount) digi-
tal control voltages and maybe also contact pads are
required for this task. The number of control lines and
contact pads can be reduced by applying a serializer
circuit. Generally, the required lines or inductors are
large. Thus, especially at low-to-moderate frequencies,
these kinds of phase shifters require a large circuit size,
thereby increasing the costs as well. The overall inser-
tion loss and chip size increase with bit resolution. As
a first-order estimation, we may estimate an insertion
loss per bit between 0.5 and 2 dB.

In [35], a 5-bit switched phase shifter covering a fre-
quency range of 17-21 GHz with 5 = 0.6 dB insertion
loss fabricated in 0.25-um PHEMT technology was
reported. An insertion loss of 14.5 + 0.5 dB was mea-
sured for a 5-bit circuit in 0.18 um CMOS at 12 GHz
[36]. A four-element phased array system in SiGe BiC-
MOS at 34-39 GHz using switched-type phase shifters
with 5-bit control was reported in [37].

V1 80° V90°

V1800 Vgor

One important design parameter
for phase shifters is the phase
control range.

150
125
100 -
75 $-.
50 1
25
0
25
-50
-75 ‘
0P 0P MpB 9P 0 LMD 202,00
f(GHz)

(a)

®1 (°)

Figure 11. Circulator-based phase shifter in 0.18 pm
BiCMOS [34]; (a) measured phase versus frequency and
control voltage and (b) chip photo with 0.73 X 0.65 mm?
chip area and 0.023 mm? core circuit area.

Out

Vosse Voose

Figure 12. Digital adjustable phase shifter with 4-bit resolution [2].
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TABLE 2. Comparison of performance of fully integrated phase shifters, TLPS: tuned equivalent transmission line

phase shifter based on distributed low-pass sections, RTPS: reflective-type phase shifter VM: vector modulator,
*at center/target frequency.

Phase Bandwidth Gain * Power Control  Chip
Ref. Control [°] [GHz] Ripple* [dB] Supply [nW] Voltages Area[mm?] Technology Comment

Vector modulators

[8] 360 5-6 15 na. 18 n.a. 1 0.18 um CMOS  Active

[9] 360 15-20 —-6+4 <112 2 analog  0.72 0.18 um CMOS ~ Active

[10] 360 50-56 -49+09 23 n.a. 0.4 90 nm Active

analog CMOS

[11] 360 5.1-5.3 0.6 n.a. 10 3analog 1.3 0.6 um GaAs Active
MESFET

[12] 360 47-57 -9 na. ~0 3analog 1 0.6 wm GaAs Passive
MESFET

[19] 360 4.8-5.8 0O n.a. 9 3 analog 2.4 0.6 um GaAs Active
MESFET

Distributed phase shifters

[21] 360 5-6 —-4+17 =0 1 analog 0.8 0.6 um GaAs LP sections,
MESFET passive
[22]  >360 4.2-6.2 —73%2 ~0 1 analog 1 0.18 um LP sections,
BiCMOS passive
[23]  >195 5.2-5.8 -36+15 ~0 1 analog 0.6 0.25 um LP sections,
BICMOS passive
[24] 96 2.6 na. -33+£05 315 2 analog 1 0.13 wum CMOS  LP sections
with active
inductors
[26] 360 8 £ na. n.a. 170 1 analog 025 0.18 um CMOS  LP sections,
active,
differential
[25] 360 4 bit 11.6-12.6 35%0.5 26.6 8 digital 1.8 0.18 wm CMOS Distributed
active switches
[39] 360 3.5-45 -03+0.8 16-25 n.a. 0.24 0.18 um CMOS  HP with active
inductors
[40] 96 3.875— —28+15 >0na. 4 analog 0.3 0.18 um CMOS  HP with active
4.125 inductor

Coupler-based reflective-type phase shifters

[29] 210 6.1-6.3 -49+£09 =0 1 analog 0.9 0.6 um GaAs Passive
MESFET

[28] 360 5.15-5.7 —-64+3 =~ 0 1 analog 0.9 0.6 um GaAs Passive
MESFET

[30] >120 14.9-15.7 —5+1 ~0 1 analog  0.36 0.25 um Passive
BiCMOS

Circulator-based reflective-type phase shifters

[34]  >90 2.5-10 0x0.5 5.6-8.3 1 analog 048 0.18 um Active
BICMOS

Switched-type phase shifters

[35] 360 17-21 5406 =~0 10 13 0.25 um Passive
5 bit digital PHEMT

[36] 360 9-15 -145+05 =~0 10 43 0.18 um CMOS  Passive
5 bit digital
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Phase Control Range/

Frequency Multiplication

One important design parameter for phase shifters is
the phase control range. For many applications a phase
control range of 360° is required. However, the phase
control range has to be traded off with other param-
eters, which makes the design challenging. Is it pos-
sible to multiply the phase control range in a relatively
simple way?

Consider that frequency multiplication divides the
signal period duration. Consequently, the phase con-
trol range is multiplied by the factor of the frequency
multiplication. Typically, the method of frequency/
phase multiplication relaxes the contradicting con-
straints regarding the phase control range and ampli-
tude variations. The drawback is the additional power
consumed by the frequency multipliers [38], which
should have good linearity and low noise to avoid sig-
nal deteriorations.

Hardware Comparison

The measured results of state-of-the-art phase
shifter implementations are summarized in Table 2.
In this article, we have focused on implementa-
tions using standard integrated circuit technolo-
gies. Interesting properties can be achieved using
microelectromechanical system (MEMS) technol-
ogy featuring high performance passives. Regard-
ing MEMS technologies and corresponding low
loss phase shifter implementations, the reader is
referred to [41]-[43].

Conclusions

In this article, the development constraints, architec-
tures, design guidelines, and hardware results of fully
integrated phase shifters have been presented. The
pros and cons of different approaches have been dis-
cussed. To make a long story short:

* Active vector modulators have the capability to
provide gain and even gain control, and do not
require any varactors. Hence, vector modulators
are well suited for a large range of applications
and chip technologies.

Tuned equivalent transmission line phase shift-
ers are typically passive and do not yield gain
but have the advantage of a very large band-
width of several octaves due to the distributed
nature.

Coupler-based reflective type phase shifters do
have a simple architecture but tend to have a rela-
tively small bandwidth if the coupler is realized
by lumped elements.

Active circulator-based reflective type phase
shifters can be controlled by the transconduc-
tance of the amplifiers driving the reflective load
thereby enabling a wide bandwidth and rela-
tively low loss.

October 2010

The optimum choice of the phase
shifter architecture depends on
the required specifications and
the available technologies.

¢ At the expense of additional dc power and noise,
active inductors can be used to increase the phase
control range for the tuned equivalent transmis-
sion line and reflective type phase shifters.

¢ Switched-type phase shifters tend to have a rela-
tively large size, especially at low to moderate
frequencies but do not require a DAC for phase
control from the system point of view.

* For some specific systems including wireless
communication front ends, phase/frequency
multiplication techniques may be interesting to
boost the phase control range while yielding a
low-gain ripple.

Finally, the optimum choice of the phase shifter

architecture depends on the required specifications
and the available technologies.
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