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A 2-bit Miniature X-Band MEM S Phase Shifter
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Abstract—The design and performance of a compact low-loss
X-band true-time-delay (TTD) MEM S phase shifter fabricated on
8-mil GaAssubstrateisdescribed. A semi-lumped approach using
microstrip transmission linesand metal-insulator-metal (MIM) ca-
pacitorsisemployed for thedelay linesin order to both reducecir-
cuit size as well as avoid the high insertion loss found in typical
miniaturized designs [1], [2]. The 2-bit phase shifter achieved an
averageinsertion loss of —0.70 dB at 9.45 GHz, and an associated
phase accuracy of 41.3°. It occupies an area of only 5 mm?, which
is44% theareaof thesmallest known X-band MEM Sphase shifter
[3]. The phase shifter operatesover 6-14 GHz with areturn loss of
better than —14 dB.

Index Terms—Micromachining, radars, RF MEMS, switches,
telecommunications.

I. INTRODUCTION

EMS phase shifters have received a lot of attention

as an enabling technology for low-cost, high-perfor-
mance passive phased arrays. The low-loss characteristic of
MEMS phase shifters allows a single power amplifier to feed
severa antenna elements, each with its own phase shifter. This
greatly reduces the cost, weight, and power dissipation of the
phased array hardware, and is particularly attractive when a
receive-only phased array is desired.

Conventional switched-line TTD phase shiftersarelimited in
size due to the large space associated with the delay lines [4].
In multi-bit designs, much space is wasted due to the difficulty
in optimizing the area occupied by delay lines of very different
lengths [4]. This was partially solved by using SPAT switches
[3],[5], butthesizeisstill limited by the 50 2 transmission-lines
(t-lines).

Several attempts have been madein miniaturizing FET-based
phase shifters by using embedded-FET or lumped approaches
for the phase-delay networks[1], [2]. While such phase shifters
achieve a very small size of 1-2 mm?, the loss associated with
the low-@ on-chip inductors, as well as the transistor series re-
sistance in the embedded-FET phase-shift networks, result in
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Fig. 1. (8 LC phase-shift network and (b) and (c) its transformation to a

semi-lumped network.

phase shifters with relatively high losses (—5 dB at 19 GHz for
a 5-bit design [1]). Such approaches are therefore not suitable
for use in the miniaturization of low-loss MEM S phase shifters.

In thiswork, a semi-lumped approach using t-lines and MIM
capacitors is used to achieve a compact layout in the phase
shifter. Tradeoff between size and loss is performed to obtain
a design with minimal degradation in insertion loss compared
to atraditional switched-line phase shifter. Also the phase shift
network is designed to allow wideband operation using a cas-
cade of smaller phase-shift sections.

II. MODELING AND DESIGN

The phase shifter is realized on an 8-mil GaAs wafer with
e, = 12.9. The phase-shift network is derived from a series-L,
shunt-C design and (1) presents the network phase shift (¢) in
amatched condition [Fig. 1(a)]. As seen from (1), this network
results in a maximum phase shift of —90°

X, =wlL/Z,=—sin¢
B, =wCZ, = —tan(¢/2)

(—90° < ¢ < 0)
(-90° < ¢ <0). (1)

Fig. 2 shows the return loss response of 45° and 90° lumped
phase-delay networks designed at 10 GHz using (1), aswell as
that of two cascaded 45° delay networks. It is obvious that the
cascaded response has a much broader bandwidth and a better
phase linearity than a single 90° design, due to the increasing
“distributed” nature of the circuit. A cascade of four 22.5° net-
works gives an even wider bandwidth, but the MIM capacitance
becomes too small for implementation in the final design. The
45° section is therefore chosen as the basic building block for
the design of the 90° and 180° delay networks.

In order to achieve alow-loss phase shifter, it is necessary to
replace the lumped inductor in the 45° design with a low-loss
t-line (Z, 8) and two MIM capacitors. Thisis done by breaking
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Fig. 2. (&) Return loss and (b) phase responses of 45°, 90°, and cascaded

lumped-element phase shift networks.

the capacitance C; into C,, and C; [Fig. 1(b)], and the t-line Z
and # are obtained by equating the S»; of the network com-
prising L; and C; [Fig. 1(b)] to the So; of a losdess t-line
[Fig. 1(c)]

1—w?L 0y = cosB
sin@.2% —wZ[Z2(2C, —w?C?Ly) + Li] + Z%sinf =0. (2)

Thevaueof C, canbearbitrarily chosen (C; < C, < 0), but
ahigh value of C, resultsin anarrow, high impedancet-linefor
the same phase shift, causing a high conductor loss. Therefore
amoderate-width t-line (Z = 5565 2) is chosen to minimize
the insertion loss, while keeping the MIM capacitor values (C,)
large enough for MMIC fabrication.

The90° and the 180° phasedelay networksin the 2-bit phase-
shifter are configured using two and four sections of the 45°
design, respectively (Fig. 3). After taking into account the effect
of the bends and the via holes (see below), the 45° building
blocksof the90° and the 180° networksare Z = 63 2, Cy = 48
fF, and Z = 58 €2, Cy = 60 fF, respectively.

Each delay network is connected to two SP2T switches, de-
signed using three Rockwell Scientific MEMS series switches
[5]. A typical back-to-back SP2T switch consistsof four MEMS
switches, but it is possible in this case to eliminate one of the
two switches in the reference path since the t-line dimensions
are electrically short at 10 GHz. As the input and output sec-
tions of the switch are narrow (40 xm-wide), two open stubs
are used to improve the impedance match in the reference state.

The 130 m-diameter RF via-hole used to connect the MIM
capacitors to the microstrip ground are defined using deep RIE
techniques, and has asimulated inductance of 62 pH (ADSMo-
mentum). This results in an insignificant effect on the circuit
since its impedance at 10 GHz is +j3.96 €2, which is much
smaller than the impedance of the largest MIM capacitor (120
fFor —j132 2 at 10 GHz).

TheMIM capacitors areimplemented using 2000 A-thick sil-
icon nitride dielectric with an estimated ¢,. of 7.5. The capaci-
tance is computed using the parallel-plate formula, plus 7-10%
of fringing capacitance. The loss contribution due to the finite
@ of the MIM capacitors is derived using lossy t-line formulas
andisgiven by (3). Thetotal MIM capacitance for the 90° delay
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TABLE |
SIMULATED L 0SS BREAKDOWN OF THE 90° AND 180° SEMI-LUMPED PHASE
DELAY NETWORKS (LAYOUT AS SHOWN IN FIG. 3) AT 10 GHz

Loss Component [dB] | 90° network | 180° network
Return Loss —-0.013. —0.002
Metal loss (Au, 2 pm) —0.308 —0.453
R, (1) -(0.189 —-0.175
Q (40) -0.063 -0.160
Total Loss —0.57 —-0.79

network is192 fF, which givesalossof —0.063 dB for a() of 40.
For the 180° design, the loss is —0.16 dB since the total MIM
capacitance is 480 fF

B \ 41 +1/Q? _ 1
ILpnrv =101logyq 2/Q+wCZ,2 +4 @ = WCR, pra
Z,
~10logy, [1 e } (wCZ, < Q). &

Due of the complexity of the circuit, the phase shifter is de-
signed using a combination of circuit and electromagnetic sim-
ulations. The 90° and 180° t-line networks (with the bends)
are first smulated separately in ADS Momentum. The S-pa-
rameters obtained are then combined with lumped capacitors
(@ = 40 at 10 GHz) and the MIM values are adjusted to ob-
tain the desired phase shift and good return loss. The SP2T
switch networks and the interconnecting t-lines are also sim-
ulated using ADS Momentum to obtain the S-parameters in
the various switch states. The MEMS bridge is ignored in the
up-state simulation since its up-state capacitance is very small
(<2 fF [5]). Findly, the S-parameters from the different simu-
|ations are combined in ADS to obtain the overall phase shifter
performancein all 4-states, and the simulated | oss breakdown of
each bit is shown in Table |. The simulated average loss of the
four statesat 10 GHz is —0.90 dB, and thereturnlossis —15 dB
or better from DC-16 GHz for both the input and output ports.

I1l. FABRICATION AND MEASUREMENTS

The phase shifter is fabricated using the Rockwell Scien-
tific MEMS process [5]. A photograph of the completed phase
shifter isshownin Fig. 3. Thecircuit measures 2.49 mm x 1.95
mm (4.9 mm?) and is only 44% the size of the smallest known
MEMS 2-bit phase shifter [3].

A measured returnloss of better than —14 dB isobtained from
6-14 GHz (Fig. 4). The average measured insertion loss of the
four states of the phase shifter is —0.70 dB at 9.45 GHz, and
—0.81dB over 6-14 GHz (Fig. 5). Thiscomparesfavorably with
the —0.6 dB loss at 10 GHz for the low-loss SPAT phase shifter
in[3]. The average on-state resistance of the MEM S switch, de-
rived from the low frequency insertion |oss measurement using
IL = 20log,4[2Z,/(2Z, + R,)], isaround 1.2 Q. The differ-
ence between the measured and simulated lossesislikely dueto
the piecemeal simulation approach, which ignores the coupling
among the various circuit sections. Note that this phase shifter
uses only six MEM S switches instead of eight in atypical 2-bit
switched-line phase shifter, or the SPAT-based phase shifter [3].

M easurements indicate awideband true-time delay response,
centered around 9.45 GHz instead of the 10 GHz design
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Fig. 3. Photograph of the completed 2-bit miniature MEM S phase shifter.
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Fig. 4. Measured return loss of the 2-bit miniature MEMSS phase shifter.
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Fig. 5. Measured and simulated insertion loss of the 2-bit miniature MEMS
phase shifter.

frequency. The differential phase shift at 9.45 GHz is 88.7°,
181.0°, and 269.4° giving a phase accuracy of +1.3°. The
frequency drift can be attributed to the lateral dimensional
accuracy (+1 pm) of the physically small MIM capacitors,
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Fig.6. Simulated and measured differential phase shifts of the 2-bit miniature
MEMS phase shifter.

as well as the dielectric thickness accuracy (+100-150 A
for 2000-A thickness). Improvement in the accuracy of MIM
capacitor values can be achieved by using metal-air-metal
capacitors, which yield much larger capacitor dimensions and
much less sensitivity to fabrication errors, in addition to a
higher @ [6].

IV. CONCLUSION

The size of a 2-bit switched-line phase shifter has been suc-
cessfully reduced using a semi-lumped approach for the delay
lines. Phase bits designed using cascaded 45° phase-delay
networks are shown to result in a wideband 6-14 GHz phase
shifter, with excellent performance as compared to other low-
loss MEMS phase shifters. The design center frequency of the
phase shifter can be more precisely achieved with larger MIM
capacitors or by using a metal-air-metal configuration.
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