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Abstract—This paper presents a novel frequency reconfig-
urable phase shifter using the RF microelectromechanical systems
(MEMS) technology. The phase shifter is based on the triple-stub
circuit topology composed of three stubs that are connected by two
transmission lines that are all implemented as distributed MEMS
transmission lines. The insertion phase of the circuit is controlled
by changing the electrical lengths of the stubs and the connecting
transmission lines, while having ideally zero reflection coefficient
at all times. The phase shifter has theoretically no specific limits
on the frequency; in other words, it can be reconfigured to work
at any frequency between 15–40 GHz, with adjustable phase
steps, while providing a constant time delay within a 2%–3%
instantaneous bandwidth around any selected center frequency
in the above-mentioned band. The phase shifter is fabricated
monolithically using a surface micromachining process on a
quartz substrate and occupies 10.8 mm 5.9 mm. Measurement
results show that the phase shifter has average phase error of
1.6 , 3.7 , and 4.7 , average insertion loss of 3.1, 5, and 8.2 dB
and average return loss of 19.3, 15.8, and 13.7 dB at 15, 30, and
40 GHz, respectively. To the best of our knowledge, this paper
demonstrates the first phase shifter in the literature that can work
at any given frequency in a targeted band with adjustable phase
steps.

Index Terms—Microelectromechanical systems (MEMS), peri-
odic structures, phase shifters, reconfigurable circuits, RFMEMS.

I. INTRODUCTION

P HASE shifters are crucial components in a number of
applications that include communications, high-precision

instrumentation, and radars. Phase shifters can be categorized
in two main groups in terms of the application requirements
with respect to frequency: the constant phase and linear phase
type phase shifters. The constant phase types target providing
a constant phase difference in a wide instantaneous bandwidth
[1]–[3], whereas the linear phase types provide linearly in-
creasing phase difference, corresponding to true time delay
(TTD). Several efforts have been made on both types of phase
shifters in order to satisfy the increasing requirements of the
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modern RF systems that demand wide bandwidth and recon-
figurable operation.
Reconfigurable phase shifters have been implemented using

several different methods including ferroelectric, photonic,
and liquid-crystal technologies [4]–[8]. The RF microelec-
tromechanical systems (MEMS) technology has also been
offering low-loss and low-cost TTD phase shifters in the last
decade [9]–[16], which can be grouped as the switched network
[9]–[12] and distributed MEMS transmission line (DMTL)
[13]–[16] phase shifters. The switched network MEMS phase
shifters present very good performance up to 40 GHz with
a maximum of 4-bit resolution, while DMTL phase shifters
approach 110 GHz with excellent insertion loss and linearity
performances with the similar resolutions. However, although
their presented performance is impressive, the desired phase
shift can only be achieved at a single frequency, and as a result,
separate phase shifters must be used for each frequency of
interest. Furthermore, these phase shifters are designed for a
specific phase step, and there are no TTD type phase shifters
reported with reconfigurable phase steps.
A novel method to implement phase shifters is reported re-

cently [20], which is based on the triple-stub topology. This
topology is very well known for its ability to make impedance
transformation to any given impedance. Reconfigurable triple-
stub impedance tuners are reported that use RF MEMS tech-
nology [17]–[19]; however, triple-stub topology has not been
reported for any applications other than impedance tuning.
This paper presents a novel wideband frequency reconfig-

urable RF MEMS phase shifter that employs the triple-stub cir-
cuit topology. The triple-stub phase shifter has three stubs and
two connecting transmission lines, all of which are implemented
as DMTLs. The insertion phase of the phase shifter is controlled
by changing the electrical lengths of the stubs and connecting
transmission lines. The presented phase shifter is capable of pro-
viding constant time delay within 2%–3% bandwidth at any fre-
quency between 15–40 GHz, while it can be operated with ad-
justable phase steps at each selected frequency. To our knowl-
edge, this is the first time presentation of a frequency reconfig-
urable phase shifter with adjustable phase steps. The proposed
phase shifter may be a strong candidate and can replace multiple
phase shifters in multi-frequency or wideband RF front-ends
and phased arrays.

II. PHASE-SHIFTER DESIGN

Fig. 1 shows the schematic of the proposed phase shifter,
which is based on the triple-stub circuit topology. The phase
shifter is composed of stubs and connecting transmission lines,
and the desired insertion phase is achieved by changing the elec-
trical lengths of all of these components, as shown in Fig. 1(a).

0018-9480/$31.00 © 2013 IEEE
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Fig. 1. Schematic of the proposed triple-stub based phase shifter. (a) Simplified
representation with tunable electrical length transmission lines. (b) Representa-
tion with DMTLs.

The theory behind phase shifting using the triple-stub circuit
topology was previously introduced by the authors [20], where
the analytical and numerical solutions, operation principles, and
experimental results for fixed electrical lengths were presented
as the proof of concept. Here, in this paper, we concentrate
on a real life application of the idea and present a wideband
frequency reconfigurable phase shifter based on the triple-stub
circuit topology, where the electrical lengths of the stubs and
connecting transmission lines are tuned by means of periodi-
cally placed tunable MEMS capacitors, or in the more com-
monly used name, DMTLs [see Fig. 1(b)]. The choice of the
triple-stub circuit topology grants the ability of changing the in-
sertion phase in the whole 0 –360 range while keeping the re-
flection coefficient theoretically zero at all times, which makes
it very suitable for a phase shifter.
The design of the phase shifter starts with determining the re-

quired electrical length ranges of the stubs and connecting trans-
mission lines for the proper operation of the phase shifter using
the analytical formulation given in [20]. The next step is to de-
sign the DMTLs for stubs and connecting transmission lines that
satisfy the requirements coming from the first step. Finally, the
overall design of the phase shifter will be presented.
Before discussing the details of the design, one point about

the design methodology should be clarified. The proposed re-
configurable phase shifter has been designed for operating at
any given frequency within the whole 15–40-GHz band. How-
ever, the calculations were made considering the lowest fre-
quency of the band, which is 15 GHz. This is because the change
in the electrical lengths of the stubs and connecting transmission
lines should be long enough at this frequency so as to assure
the proper operation of the phase shifter. On the other hand, the
electrical lengths at any frequency greater than 15 GHz are au-
tomatically longer, which guarantees the operation of the phase
shifter at these frequencies. The price paid here is the decrease
in the resolution of the phase shifter as the operation frequency

Fig. 2. Insertion phase range of triple-stub circuit topology with acceptable
insertion loss for different connecting transmission line lengths. (a) .
(b) .

is increased, and the design was checked for sample frequencies
to ensure its operation all over the 15–40-GHz band.

A. Determination of the Design Requirements

It was stated in [20] that in the presence of transmission lines
losses, there exists a range of insertion phases that the triple-
stub circuit topology can provide with an acceptable insertion
loss for each electrical length of the connecting transmission
lines. This range can be adjusted by changing the electrical
length of the connecting transmission lines. It is found using
the formulation presented in [20] that an insertion phase be-
tween 35 –325 can be easily obtained by selecting the elec-
trical length of the connecting transmission lines between
and at 15 GHz, as presented in Fig. 2. However, in order
to attain an insertion phase between 0 –35 or 330 –360 , the
electrical length of the connecting transmission lines should be
tuned accurately in the and ranges, respec-
tively. Thus, the DMTL design that will be used for connecting
transmission lines should be able to change the insertion phase
of the interconnection line between 150 and 215 with 5
steps. It can be easily shown that 5 insertion phase resolution
for the connection transmission lines results in a 2 insertion
phase resolution of the phase shifter.
The electrical lengths of the stubs should also be selected cor-

rectly so that they provide the required reflection coefficients for
the proper operation of the phase shifter. The formulation pre-
sented in [20] necessitates that the electrical lengths of the stubs
should be changed in , which corresponds to 0 –360
change in the phase of the reflection coefficient. In this case,
the phase shifter is able to cover 0 –360 insertion phase range.
However, once the electrical lengths of the connecting transmis-
sion lines are limited to the aforementioned range, it is found out
that the phase shifter can still provide any insertion phase be-
tween 0 and 360 if the phases of reflections coefficients of the
stubs remain between 143 and 120 . This range is the worst
case requirement, and it comes from the second stub. Neverthe-
less, this range is targeted for the DMTL design of all of the
three stubs for the sake of design simplicity. A detailed expla-
nation of the determination of the design requirements can be
found in [21].
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B. T-Junction Design

The stubs and connecting transmission lines are implemented
on coplanar waveguides (CPWs) and CPW T-junctions are nec-
essary at their connection points. The CPW T-junction design
is critical in the sense that it must have the same loaded line
impedance at all three of its ports. This is because any reflec-
tions at these points can significantly disturb the overall inser-
tion phase of the connecting transmission lines, which is critical
for the overall phase-shifter design. In addition to that, it also
adds an electrical length to the connecting transmission lines,
which must be taken into account for the connecting lines.
The CPW T-junction was designed and optimized using

HFSS v10 [22], and its operation is verified in AWR Mi-
crowave Office (MWO) [23] by comparing it with a T-junction
that is made of only ideal transmission lines. The error between
the -parameters of the designed T-junction with that of the
ideal model was less than 10 . The comparison with the ideal
model showed that the designed CPW T-junction behaves as
a 20 -long transmission line on each side of the connecting
transmission lines at 15 GHz, which was taken into account for
the design of the connecting transmission lines.

C. DMTL Design for Connecting Transmission Lines

The DMTL design for the connecting transmission lines is a
tough design problem since the important parameter is not only
the differential phase shift as in standard DMTL phase shifters,
but also the electrical length in the up state of the DMTL. The
design requirement for the electrical length of the connecting
transmission line was that it should stay between 150 and
215 ; however, since the T-junctions already add

at both sides, the DTML is designed to work in the 110
and 175 range.
Two types of DMTL unit sections, namely, US-I and US-II,

are designed for the connecting transmission lines, which give
5 and 10 differential phase shifts, respectively. The design
starts using the DMTL formulation given in [15] and [24], which
is followed by the simulations using the circuit model given in
Fig. 3. Full-wave EM simulations are then carried out for all unit
sections using HFSS version 10. The circuit model parameters
(Fig. 3) are finally extracted from HFSS simulations for each
unit section for design verification and optimization.
The top view of US-I is given in Fig. 4(a), where dimensions

are indicated for all of the unit section designs. Fig. 4(b) presents
the 3-D view of US-II. The two metal–air–metal (MAM) capac-
itors on both sides of the MEMS bridge have some differences
from a regular parallel-plate capacitor. They are divided into
rectangular bridges by slots in the lateral direction and have a
post in the vertical direction so that their height will be immune
to the residual stress. In the circuit model, the total bridge and
MAM capacitor resistance, , and the resistance due to ex-
ternal resistive bias line, , are both included in order to
examine their loss contributions separately. Table I presents the
dimensions of DMTL US-I and US-II. Corresponding design
parameters are given in Table III in comparison with the param-
eters that are extracted from the measurements in the following
sections.
The MEMS switch that is used in US-I and US-II (as

well as US-III, which is used for DMTL design for stubs)

Fig. 3. General schematic of the DMTL unit sections that is used in the phase-
shifter design.

Fig. 4. (a) Top view of DMTL US-I. (b) 3-D view of DMTL US-II. (c) Layout
of the DMTL for connecting transmission lines.

is a fixed–fixed beam type, capacitive, shunt switch, and its
dimensions are given in Table I. It has a measured up/down
capacitance ratio of 7.1 and a measured quality factor of 65 and
48 for up and down states, respectively. These results satisfy
the design requirements for all of the unit sections, and are
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TABLE I
PHYSICAL DIMENSIONS OF THE DMTL UNIT SECTIONS

THAT ARE USED IN THE PHASE-SHIFTER DESIGN

Fig. 5. Simulated unwrapped insertion phase for all 32 states of the DMTL
design for the connecting transmission lines.

comparably close to the ones presented in similar structures in
the literature [15], [19].
The same DMTL design is used for both connecting trans-

mission lines. These lines are composed of two US-Is and six
US-IIs. The connecting transmission line is capable of providing

differential phase shift, and it is con-
trolled by five control pins, as shown in providing an insertion
phase with 5 steps in states. The layout of the DMTL
connecting transmission line is given in Fig. 4(c).
The final simulations of the DMTL for connecting transmis-

sion lines are performed by cascading the circuit models (Fig. 3)
of all eight unit sections in MWO, and the results are given in
Fig. 5. The simulations show that a linear phase response is ob-
served, and the requirements given in Section II-A are satisfied.
It should be noted one more time here that the results are pre-
sented at the minimum frequency of the band of interest, which
is 15 GHz. This is because once the electrical length require-
ments are satisfied at this frequency, they are automatically sat-
isfied for the rest of the band of interest, as explained previously
in the beginning of Section II.

D. DMTL Design for Stubs

According to [20], stubs with different electrical lengths are
required for the phase shifter. In the presented reconfigurable
phase shifter, a single DMTL is designed that covers the max-
imum electrical length requirement for all of the three stubs with

Fig. 6. Simulated performance of the DMTL design for the stubs for
states at 15 GHz.

minimum resolution possible. DMTL stubs are expected to pro-
vide the reflection coefficients with required phase and a mag-
nitude that is close to 1. Thus, DMTL design for the stubs does
not necessarily need to behave like a 50- transmission line as
opposed to the DMTL design for the connecting transmission
lines.
A third DMTL unit section, US-III, is designed for the stubs

using the same methodology explained above. Its physical di-
mensions are presented in Table I. The design parameters will
also be presented in Table III in the following sections.
The overall DMTL design for the stubs is simulated in MWO

by cascading nine US-IIIs. The simulation results are given for
states in Fig. 6. It is seen that the required range of

electrical length, i.e., the phase of the reflection coefficient, is
guaranteed, and the magnitude of the reflection coefficient is
close to 1 at all times.
Ground overpasses are used on both sides of the ground plane

in order to preserve the continuity of the ground plane of the
CPW. Multiple narrow air bridges are used instead of a one-
piece overpass that is covering the whole resistive bias line [15].
This is done to reduce the coupling between the ground plane
and the resistive bias line, and hence, reducing the loss due to
the bias line. As reported in [15], the unit sections with resistive
connections to outside under the ground plane havemuch higher
losses compared to that of the ones without the bias lines. Since
each of the unit sections on the stubs, as well as most of the
unit sections on the connecting transmission lines, have to be
controlled independently, a resistive line is needed for each unit
section. Thus, the losses due to the resistive bias lines share a
major portion of the overall loss of the presented phase shifter.

E. Overall RF MEMS Phase Shifter Design

The final step in the design of the RF MEMS phase shifter is
to connect all of the separately designed components and make
final simulations in order to verify its operation. Fig. 8 presents
the layout of the phase shifter. It has 3 9 control pins for the
DMTL stubs and five control pins common to both of the DMTL
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TABLE II
SUMMARY OF THE SIMULATION RESULTS OF THE PHASE SHIFTER
AT THREE SAMPLE FREQUENCIES WITHIN 15–40-GHz BAND

TABLE III
SIMULATED AND THE MEASURED PARAMETERS OF THE DMTL UNIT

SECTIONS THAT ARE USED IN THE PHASE-SHIFTER DESIGN

connecting transmission lines, which make a total of 32 control
pins. The layout of the design measures 10750 m 5915 m.
The RFMEMS phase shifter is simulated usingMWOby cas-

cading the parameters of separately designed blocks,
which are the T-junctions, DMTLs for the connecting transmis-
sion lines, and DMTLs for the stubs. For each insertion phase
state, the required electrical lengths of the connecting transmis-
sion lines and stubs are determined by the formulation in [20],
and the states that give the closest electrical lengths to the re-
quired value is selected for that insertion phase state. The values
of the calculated electrical lines are also verified by using a spe-
cial Simplex optimization method where the digital states of all
of the DMTLs are used as optimization variables.
The presented design can provide 10 -step operation in an

instantaneous bandwidth of 500 MHz at 15 GHz, and this is ac-
tually the lower frequency limit of the presented design. It is
capable of providing the phase shifter operation at any selected
frequency between 15–40 GHz while it still preserves the min-
imum instantaneous bandwidth of 500 MHz. This bandwidth
may increase up to 1 GHz depending on the selected center fre-
quency. The only limitation in the operation of the phase shifter
is the increasing phase step size as the frequency increases. This
is because the insertion phase provided by each unit section in-
creases with frequency, which decreases the phase resolution of
the DMTL designs, and as a result, the overall phase step size
of the phase shifter increases with frequency.

Fig. 7. Simulated performance the RF MEMS phase shifter for 10 -step oper-
ation in all 36 states at 15 GHz. (a) Insertion phase. (b) Insertion loss and return
loss.

Fig. 8. Final layout of the RF MEMS phase shifter.

The simulations results of the RF MEMS phase shifter are
shown in Fig. 7 at 15 GHz, where 0 –360 insertion phase range
is covered with 10 steps. Fig. 9 shows the performance of the
phase shifter at two selected center frequencies, which are 25
and 40 GHz, when it is set to operate in 45 steps. It should be
noted here that Fig. 9(b) shows only half of the instantaneous
bandwidth as the phase shifter is set to 40 GHz center frequency
in this case. The simulation results are summarized in Table II,
which shows that the presented phase shifter can work within
the whole targeted frequency band of 15–40 GHz with good
performance.
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Fig. 9. Performance of the RF MEMS phase shifter for 45 -step operation at
two sample frequencies. (a) 25 GHz. (b) 40 GHz.

III. FABRICATION

The proposed RF MEMS phase shifter is fabricated using the
surface micromachining process developed at the Middle East
Technical University (METU) on a 500- m-thick quartz sub-
strate ( , ). This process, which is detailed
in Fig. 10, can be summarized as follows.
1) The SiCr resistive layer (1000 Å) is deposited using RF
sputtering and patterned using wet etching as the first step
of the process [see Fig. 10(a)]. This layer has a resistivity
of 1000 / .

2) The Ti–Au (100/9000 Å) first metal layer is deposited
using dc sputtering and patterned using wet etching [see
Fig. 10(a)].

3) The Si N (3000 Å) isolation layer is deposited using
plasma enhanced chemical vapor deposition (PECVD)
and patterned using reactive ion etching [see Fig. 10(b)].

4) The polyimide sacrificial layer (2 m) is deposited using
spin coating, patterned using lithography, and cured [see
Fig. 10(c)].

5) Au (1.1 m) is deposited as the structural layer, which is
used for forming the MEMS bridges using dc sputtering
[see Fig. 10(c)].

6) Au (3.5 m) is electroplated selectively as the strength-
ening layer on the anchor points of the RFMEMS switches
[see Fig. 10(d)].

Fig. 10. Process flow of the METU RF MEMS fabrication process that is used
for the fabrication of the proposed phase shifters. (a) Resistive and first metal
layer deposition and patterning. (b) Isolation layer deposition and patterning.
(c) Sacrificial layer deposition and patterning and structural layer deposition.
(d) Strengthening layer selective deposition. (e) Structural layer patterning, sac-
rificial layer etching, and release.

7) The Au structural layer is patterned using wet etching [see
Fig. 10(e)].
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8) The sacrificial layer is wet etched, and the structures
are released using a critical point drying system [see
Fig. 10(e)]. Fig. 11 presents the photographs of the fabri-
cated RF MEMS phase shifter and SEM image of one of
the 43 MEMS bridges.

IV. MEASUREMENT RESULTS

A. Measurement Setup

An automated measurement is needed for the measurements
of the fabricated phase shifter since there are 32 control pins, all
of which should be controlled simultaneously. For this purpose,
a multi-pin MEMS automated measurement setup (MAMS) is
designed and implemented. Fig. 12 shows the block diagram of
the setup. The setup consists of six main parts, which are: 1) the
network analyzer; 2) the probe station; 3) the waveform gener-
ator circuit to produce the biasing waveform [bipolar unilevel
cycling bias waveform that is used for actuating the MEMS
switches, one printed circuit board (PCB)]; 4) the biasing wave-
form distribution system to direct the waveform to the MEMS
switches on the correct time and order (five PCBs); 5) two dc
supplies; and 6) the computer to control the whole setup and
save the data. The states of the 32 MEMS switches are de-
termined by the computer for each state of the phase shifter.
The state data is then sent to the biasing waveform distribution
system. The system is composed of four PCBs, each of which
controls eight MEMS switches, plus a multiplexer PCB, which
controls these four PCBs and distributes the biasing waveform
to these PCBs. Detailed information about MAMS can be found
in [21].
The fabricated phase shifter is packaged using an integrated

circuit package for making the dc connections to the MAMS.
CSB03228 ceramic package from Spectrum-Semi is used.
The phase shifter is measured using the short-open-load-thru
(SOLT) calibration technique in the 10–40-GHz frequency
range, and Cascade ACP GSG-150 coplanar probes are used
for the RF connections.
The actuation voltage of the MEMS switch, which is used in

all three types of DMTL unit sections, is measured as 8 V, and
the switch can withstand up to 130 V without breakdown with
the price paid for increased dielectric charging. Nevertheless,
the phase shifter is measured with 20 V-peak bipolar unilevel
waveform that is generated by the waveform generation circuit.
The reason for using a waveformwith a higher peak voltage is to
maximize the contact between the MEMS bridge and dielectric
layer, and the switch performance is almost the same for any
voltage greater than 20 V. The switching time of the MEMS
switch is measured as 8 s. The measurements show that the
switch has a good reliability, and the measured lifetime is 885 h
when it is actuated by a bipolar unilevel cycling bias waveform
with 1-kHz actuation frequency and 50% duty cycle [25].
During the phase-shifter measurements, more than 40 sam-

ples were measured successfully before packaging for a sample
set of states under an RF power of up to 0 dBm. The phase-shift
measurements were then made at several sample frequencies for
hundreds of different phase states on a few samples. None of
these samples failed during the tests that took several hours. It is
important to note here that for each test, a set ofMEMS switches

Fig. 11. (a) Photographs of the fabricated RF MEMS phase shifter. (b) SEM
image of the one of the MEMS bridges on the phase shifter.

were in the down state for the majority of the test time. The
authors expect the dielectric charging of the MEMS switches
as the main failure mechanism, but the total test time for any
sample, which is in the order of several hours, was not long
enough to observe the failure of any of the phase-shifter sam-
ples.

B. DMTL Parameter Extraction

Each parameter in the circuit model (Fig. 3) is extracted from
the measurements of dedicated test structures, which is very
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Fig. 12. Block diagram of the MAMS.

Fig. 13. Optical profilometer measurements of one of the MEMS switches on
the fabricated phase shifter. It is clear from the measurements that the MEMS
bridge cannot follow the pattern underneath when it passes over the center con-
ductor of the CPW.

critical for the characterization of the fabricated phase shifter.
These structures are transmission lines, which physically in-
clude and are loaded only by one of the related circuit model pa-
rameters. The structures are fabricated on the same wafer with
the RF MEMS phase shifter. There are three versions of each
test structure for each DMTL type, and the parameters of each
DMTL unit section are measured independently. The extracted
parameters are presented in Table III.
Table III shows that themeasured parameters are mostly close

to the simulated ones. The up-state capacitance of the MEMS
switch, , is measured to be higher than the simulated one.
This is because the MEMS bridges are bent downwards due to
the weak step points that occur at the edges of the CPW center
conductor. The extracted capacitance calculations show that the
MEMS bridge height, i.e., the gap between the MEMS bridge
and CPW, is around 2 m, where it was aimed to be 2.9 m. This
is also verified with optical profilometer measurements that are
presented in Fig. 13. The residual stress of the structural layer
is actually optimized and measured as low as 40 MPa, which
is more than enough to obtain flat MEMS bridges when there

Fig. 14. Measurement results of the RFMEMS phase shifter when it is to 180
insertion phase state at 40 GHz compared with the simulations (operation state:
180, 40 GHz). (a) phase. (b) . (c) . This figure shows that the
measurement results are still in agreement with the simulations within the whole
10–40-GHz band once it is set to a specific state at a given frequency.

are no steps on the MEMS bridges. A proof for this statement
is that the MAM capacitances, which are also parts of the phase
shifter, are totally flat; their bridge heights are measured exactly
as expected. However, because of the weak junction points, the
bridge height of the MEMS switch is decreased, and as a re-
sult, increases. The change in also changes the inser-
tion phases of all of the DMTL unit sections, and the phase shift
decreases about 1 –2 per unit section. The effects of the in-
crease of on the performance of the phase shifter will be
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Fig. 15. Measurement results of the RF MEMS phase shifter when it is reconfigured at sample frequencies in 15–40-GHz band. (a) 15-GHz insertion loss and
return loss. (b) 15-GHz insertion phase. (c) 22.5-GHz insertion loss and return loss. (d) 22.5-GHz insertion phase. (e) 25 GHz. (f) 27.5 GHz. (g) 30 GHz. (h) 35
GHz. (i) 40 GHz.

discussed in Section IV-C. The value of biasing resistors, ,
also show some difference between the measured and simulated

values. The values presented above are actually the RF resis-
tors values, which cannot be extracted independently frommea-
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TABLE IV
SUMMARY OF THE RF MEMS PHASE-SHIFTER MEASUREMENT RESULTS

surements and are affected from the values of other components
that generate losses. The simulated and measured values are ex-
tracted from HFSS simulations and DMTL measurements, re-
spectively, which give the best fit with the circuit model and
both result different values than their dc values.

C. Phase-Shifter Measurements

The measurements of the RF MEMS phase shifter are made
using the MAMS, and the same parameters that were explained
above are used during the measurements. Fig. 14 presents the
measurement results of the RF MEMS phase shifter when it is
set to 180 insertion phase state at 40 GHz as a sample, and the
results are compared with the simulations. The graphs show that
when the phase shifter is set to this sample state, its performance
at 40 GHz is good as expected, and the measurement results are
still in agreement with the simulations within the whole targeted
10–40-GHz band.
In order to demonstrate the frequency reconfigurable phase

shifting capability of the presented design, the RF MEMS
phase shifter is configured to work at some sample frequencies
between 15–40 GHz. For any desired phase state at any selected
sample frequency, first the required electrical lengths for the
connecting transmission lines and stubs are determined for
the desired insertion phase state using the theory explained in
Section II. The states of the connecting transmission lines and
stubs are then configured to give those electrical lengths, and
the desired insertion phase is obtained at the selected sample
frequency. A reference insertion phase state is also selected at
each frequency for the phase-shift calculations. The measure-
ment results are presented in Fig. 15 where the phase shifter is
set to work at 15, 22.5, 25, 27.5, 30, 35, and 40 GHz.
For the 15–22.5-GHz band, the phase shifter is measured at

two sample frequencies, which are 15 and 22.5 GHz, and the
phase shifter is set for 10 phase steps in the 0 –180 range.
For the 22.5–30-GHz band, the phase shifter is measured at
three sample frequencies, which are 25, 27.5, and 30 GHz, and
the phase shifter is set for 45 phase steps. For the 30–40-GHz
band, the phase shifter is measured at two sample frequencies,
which are 35 and 40 GHz, and the phase shifter is set for 45
and 90 phase steps, respectively. These measurement results,
which are presented in Fig. 15, on these randomly picked fre-
quencies clearly show that the presented phase shifter is capable
of operating at any frequency within the aforementioned band.
Table IV summarizes the measurement results at all frequencies.
The measurement results are presented in the 0 –180 range

instead of the 0 –360 range at 15 GHz. This is a result of the
decrease in the gap between the MEMS bridge and CPW. This
strongly reduces the up/down capacitance ratio in all three types

of DMTL unit sections. As a result, the insertion phase for each
unit section type is different, and the phase shift per unit sec-
tion is affected significantly. This situation not only changes
the up-state insertion phase of connecting transmission lines and
stubs, but also decreases the phase shift that can be inserted by
them. These two parameters are both critical for the operation
of the phase shifter and alter its operation as a natural result of
the theory of the triple-stub circuit topology, as explained pre-
viously in Section II and shown in Fig. 2. It should be noted
here that the phase shifter can actually provide 0 –360 phase
shift at 15 GHz even with the given up/down ratio, but the inser-
tion losses start to increase significantly after some point. The
maximum phase range with acceptable insertion loss increases
naturally as the operation frequency is increased. The reader is
kindly asked to refer to [20] for further details of the theory.
Nevertheless, thanks to the flexibility of the triple-stub topology
and reconfigurability of the design, the fabricated phase shifter
is still operational within the whole targeted band.
Considering the results presented in Table IV, different phase

resolutions and ranges are observed for different frequencies.
As explained previously in Section II, the phase shifter was
designed for 10 phase resolution with a range of 0 –360 at
the minimum frequency of the band of interest, 15 GHz. The
DMTL unit sections were designed with minimal insertion
phases and phase shifts that satisfy the design requirements at
this frequency. However, as the operation frequency increases,
the insertion phase and phase shift per unit section also in-
creases naturally, which increases the minimum step size of
the connecting transmission lines and stubs, and the phase
resolution of the phase shifter increases accordingly. The same
situation is also true for the phase range. The phase range at
15 GHz, which was reduced due to the decrease in the up/down
capacitance ratio of the MEMS switch, also increases as the
electrical lengths of the connecting transmission lines and stubs
increase as explained above. The limit for the phase resolution
is the limit at the minimum frequency of the band.
The loss performance of the fabricated phase shifter is

measured to be slightly higher than the simulated values in
15–30-GHz band. The reason for this is mainly due to the
change in the gap between the MEMS bridge and CPW in
all unit section types. As reported in [13], [15], and [26], the
losses per unit section in a loaded line are given in (1) and (2)
as follows:

Np/unit section (1)

Np/unit section (2)
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TABLE V
COMPARISON OF STATE-OF-THE-ART PHASE SHIFTERS

where is the unloaded CPW resistance, and and is the
total series and parallel resistances in the up-state and down-
state, respectively. The decrease in the gap increases and
decreases , both of which increase loss per unit section in the
up-state. The bridge resistance, , is also extracted higher than
the simulated value because of the high resistivity of the elec-
troplated gold. All three effects increase the loss of the DMTL
unit sections by 20% and 38% at 15 and 30 GHz, respectively.
It should be noted here that, in any operation state of the phase
shifter, there are many unit sections that are in the up-state.
Moreover, the phase shifter is a resonant type circuit so the in-
crease in the loss of the DMTL unit sections causes a nonlinear
increase on the total loss of the phase shifter.
For the 30–40-GHz band, another loss factor becomes im-

portant, which is the radiation loss for the CPW. According the
formulation presented in [27], the radiation losses for the CPW
that is used in the phase shifter are 1.3, 10.4, and 24.7 dB/m for
15, 30, and 40 GHz, respectively. These values are 3.7%, 21%,
and 44% of the conductor losses at the corresponding frequen-
cies, which means that the radiation losses become comparably
significant after 30 GHz. This explains the increasing loss be-
havior of the phase shifter in the 30–40-GHz band. The radiation
loss above 30 GHz can be reduced significantly by decreasing
gap, , of the CPWs while keeping the ratio the
same (Fig. 4).
Table V gives a comparison of the proposed phased shifter

with state-of-the-art phase shifters.

V. CONCLUSION

A wideband frequency reconfigurable adjustable phase step
RF MEMS phase shifter has been presented. The presented
design is capable of operating at any frequency within the
15–40-GHz band with adjustable phase steps using the ad-
vantages of the triple-stub topology and MEMS technology.
The design can be easily scaled to work at lower or higher
frequency bands and optimized to work for wider frequency
bands. The authors strongly believe that the loss performance
can also be improved considerably by optimizing the number

and the position of the DMTL unit sections and the number of
resistive bias lines used in the design.
Finally, it should be noted here that this study only makes

a demonstration of the frequency reconfigurable phase shifting
with adjustable phase steps using triple-stub topology. No spe-
cific effort was spent in order to optimize the performance of
the phase shifter or to minimize the number of control pins.
The authors strongly believe that the number of control pins can
be reduced significantly for different designs that have different
phase resolution and bandwidth requirements, which makes the
design more feasible for applications that employ a high number
of phase shifters. In addition to that, the presented phase shifter
can also be realized with four control signals provided that the
electrical length requirements for the connecting transmission
lines and stubs are satisfied. The presented phase shifter can also
be implemented using other state-of-the-art fabrication tech-
nologies and is a very strong candidate for wideband multi-fre-
quency systems where it can replace multiple phase shifters and
decrease the system complexity significantly.
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