IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 4, APRIL 2003

1281

K a-Band Waveguide Phase Shifter Using Tunable
Electromagnetic Crystal Sidewalls

J. Aiden Higgins, Hao Xin, Member, |IEEE, A. Sailer, and Mark Rosker

Abstract—Tunable electromagnetic crystal (EM XT) structures
have been used assidewallsin special waveguidesfor frequenciesof
3040 GHz. This has the effect of substituting tunable impedance
surfaces in place of the normal conducting metal sidewalls. The
resulting EMXT waveguide boundary conditions can then be con-
trolled in situ to achieve desired phase shifting and/or field flat-
tening effects. Proof-of-concept experiments have been done using
fix-tuned EMXT sidewalls with various resonant frequencies, and
the measurements indicate that the insertion loss is low. An InP
quantum barrier varactor approach isused to implement the tun-
able Ka-band EM XT waveguide phase shifter. The dependence of
transmission amplitude and phase on the center frequency of side-
wall resonance has been simulated and measured. M easurements
and simulation results agree very well. The loss mechanism of the
demonstrated phaseshifter iswell understood. Our resultsindicate
that tunable EMXT waveguide will provide simple and low-loss
phase-shifting systems.

Index Terms—Electromagnetic crystal (EMXT), phase shifter,
waveguide.

I. INTRODUCTION

HE electromagnetic crystal (EMXT) considered hereis a

new type of periodic metallic electromagnetic (EM) struc-
turethat providesan artificial high-impedance surface boundary
over a bandwidth centered at a resonance frequency Fi.s. This
kind of surface can provide very useful EM boundary conditions
in many microwave and millimeter-wave applicationsincluding
antennaground planes[1]-{3], TEM waveguides[4], [5], filters
[6], [7], etc. In particular, an EMXT with a tunable resonance
frequency may have great potential in modern systemsrequiring
agility and intelligence [8], [9].

Phase-shifting devices at microwave and millimeter-wave
frequencies are extremely important in many military and
commercial systems such as radar and communications. A
novel type of waveguide phase shifter based on tunable EMXT
surfaces has been developed and it may be particularly useful
for millimeter-wave array systems tasked to provide agile beam
steering. The new waveguide system isarectangular waveguide
in which the sidewalls have been replaced by tunable EMXT.
EMXT presents a variable impedance surface at the sidewall in
place of the normal perfect conductor sidewall. Prior readiza
tions of this type of guide with fixed high-impedance sidewall
surface have demonstrated, at K& u-band, that the electric field
is made uniform across the guide width and that the insertion
losses were low at Kwu-band [10]. In this paper, the design
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Fig. 1. Physical form of the strip-EMXT structure.

and experimental results of a novel Ka-band phase-shifting
waveguide using tunable EMXT sidewalls will be described.
Tunable EMXT waveguide that can achieve polarization
switching (i.e., linear to circular or vice versa) will aso be
proposed.

Il. EMXT SURFACE
A. Fixed EMXT Surface

The initial high-impedance surfaces developed by Sieven-
piper [2] were of a type that presented a surface that reflects
an EM wave, incident at normal, with a reflection coefficient
of nearly +1/0° over the band of interest. This reflection co-
efficient was insensitive to the direction of the E-field polar-
ization. Their effect of converting the TE10 guide mode into a
TEM guide mode was demonstrated in the K w-band waveguide
[10]. The polarization-sensitive EM XT surfaces of thisstudy are
composed of athin dielectric substrate that is metallized com-
pletely on oneside (the“outside” of awaveguide) and has strips
of metal separated by narrow gapson the other side (the“inside”
of awaveguide). This structure is shown in Fig. 1.

The substrate may be any low-loss microwave substrate. The
gap ¢ provides a capacitance that is part of a parallel resonant
circuit. The substrate thickness 4 and the stripe width w pro-
vide an inductance that is effectively in paralel with the gap
capacitance. An incident EM wave with an E-field across the
strip will be coupled across the parallel resonant circuit. At the
resonant frequency Fi.s, the incoming wave is reflected with
a +1.020° coefficient. The orthogonal wave, with an E-field
along the strips, isreflected asby anormal metal (+1.0/180°).

Fig. 2 shows the measured reflection response for a polariza-
tion-sensitive strip-EMXT surface with aresonant frequency of
34.6 GHz. At the resonance frequency £, the EMXT behaves
like an open circuit to an incident wave. For frequency much
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Fig. 2. (a) Reflection phase and (b) coefficient of an EMXT surface with a
resonance frequency of 34.6 GHz. The EMXT substrate is Rogers Duroid 3006
with a dielectric constant 6.15 and loss tangent of 0.013. It has the following
geometry: g = 150 pm, w = 356 um, h = 635 pum, viadiameter = 200 um,
and via periodicity = 1270 pm.
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Fig. 3. HFSS simulated reflection loss of EMXT surfaces with and without
through substrate vias. The geometry of the simulated EMXT is the same as
that in Fig. 2.

lower or higher than F.s, the equivalent tank circuit in Fig. 1
presents a low impedance, and the EMXT response to an in-
coming wave approaches that of a perfect conducting metal.
Substrate vias (Fig. 1) were essential for thiskind of EMXT
surface to suppress the presence of substrate modes. It is worth
mentioning that substrate vias are not necessary to provide in-
ductance. Fig. 3 shows HFSSt simulated reflection magnitudes
of afinite-size EMXT surface (same geometry as the sample
shown in Fig. 2) with and without substrate vias. The resonant
frequencies F,.; for both cases are almost the same. However, it
can be observed that, without substrate vias, power loss through
substrate modes is quite high and the EMXT becomes imprac-
tical for most applications. EMXT without substrate vias has

IHFSS ver. 8, Ansoft Corporation, Santa Rosa, CA, 2001
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Fig. 4. Propagation constants of surface-mode waves in a substrate of GaAs
with metal clad on one side at 40 GHz. The TM, mode aways exists and
properly distributed substrate vias can be used to suppress this mode.

also been fabricated and high power loss associated with sub-
strate modes was confirmed. Even though theinstallation of vias
mitigates losses due to substrate modes, it does not eliminate
them completely. For example, substrate-mode effects are ap-
parent in Fig. 2 (measurement) and Fig. 3 (simulation) around
30 and 32 GHz, respectively. Since substrate modes in EMXT
structures may cause significant losses, special care must be
taken while designing EMXT-related applications. In fact, the
unwanted substrate mode is a well-documented [11], [12] and
analyzed phenomenon and can exist in the substrate as either
TM or TE modes. For TM modes, the E-fields have compo-
nents normal to the substrate plane and in the direction of prop-
agation. For TE modes, the E-fields are parallel to the substrate
plane and have no component in the direction of propagation.
Analysis of the behavior of the substrate waves was performed
using expressions from Kaminow et al. [12].

The propagation constants of the TMq and TEy modes are
illustrated in Fig. 4. These results, for the case of a GaAs sub-
strate with metal clad on one side, are presented as a function
of the substrate thickness at a frequency of 40 GHz. The re-
sults show that the TE, mode (and all other higher modes not
shown) issubject to acutoff asthe substrate thickness decreases.
Below 0.6 mm, these modes are cut off and only the TM, mode
can persist. With smaller substrate thickness, its wavelength ap-
proaches asymptotically the wavelength in free space and the
attenuation increases. For very thin substrates, the TM mode
exhibit the behavior of a“surface plasmon” wave. The substrate
vias, present in sufficient numbers and properly spaced, will
suppress this TMy mode.

Useful bandwidth is also an important parameter of EMXT
surfaces. It depends on the design of the EMXT structure, par-
ticularly thethickness /.. Tothefirst order, EMXT bandwidthin-
creases when the substrate is thicker. Thisis easily understand-
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MQBV Variable Cap.
Insulating InP

Fig. 5. Cross-sectional view and equivalent circuit of a monoalithicaly
integrated gap varactor for atunable EMXT.

able from the equivalent circuit (Fig. 1) since thicker substrate
results in higher inductance to capacitance ratio.

B. Tunable EMXT Surfaces

EMXT surfaces with real-time tunable F,.s can be very at-
tractive in systems requiring frequency and phase agility and
multiband multifunctional properties. Either the inductive or
the capacitive part of the EMXT structure can be controlled
to achieve tunable F,... For a particular operating frequency
I.p, an EMXT surface behaves as an inductive surface, a high-
impedance surface, and a capacitive surface for £, < Fies,
Fop = Fres, and Fop, > Fle, respectively. A tunable EMXT
can be used to provide a variable impedance surface through
control of Fl,.

In this study, a variable capacitor was chosen to obtain a con-
trolled and variable F,.s of an EMXT. InP triple quantum bar-
rier varactor (TQBV) was selected and the EMXT was fabri-
cated monalithically on a substrate of semi-insulating InP. The
sketch in Fig. 5 illustrates the cross section and eguivalent cir-
cuit of the devices used to vary the “gap” capacitance. The InP
varactor used has a capacitance C—V ranging from 120 to 40 fF
when biased with 0 to 10 V and a series resistance Rs of 3 €2.
The polarity of biaswas not critical sincethe TQBV capacitance
C-V exhibits an even function of voltage.

A unit-cell design approach was taken since the EMXT can
betreated as atwo-dimensional periodic structure. Fig. 6 shows
apictureof thefabricated EMXT. ThisEMXT wasfabricated on
a 200-.:m-thick semi-insulating InP substrate with a dielectric
constant of 12.5 and loss tangent of 0.002. It has the following
geometry: ¢ = 38 um, w = 410 pm, via diameter = 200 um,
and via periodicity = 508 um. It was designed to provide a
Fes that would vary from 30 GHz to above 40 GHz for an ap-
plied bias between 0-10 V. The measured reflection phase as
afunction of frequency at various bias voltages is presented in
Fig. 7. The measured tuning range agrees very well with de-
signed values.

The reflection coefficient plotted in Fig. 2 indicates that loss
inapassive EMXT isvery small, except for substrate modesthat
occur far away from F.,. However, for atunable EMXT, near
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Fig. 7. Measured reflection phase of the INnPTQBYV tuned EMXT asafunction
of bias voltage from O to 8 V.

Fle, losses associated with the tuning mechanisms are prob-
ably the most important loss factor because of the resonant na
ture of an EMXT structure. The InP TQBV provided an ade-
quate capacitance tuning range for the EMXT, but it exhibited
a high series resistance of close to 3 2 that would give rise to
high losses at frequencies near F,... The peak reflection loss
of the InP EMXT at zero bias is measured to be 7.5 dB. The
measured loss is consistent with design predictions and can be
attributed mainly to the varactor seriesresistance Rs. Asthe bi-
ased voltage increases (smaller Cv), EMXT reflection loss de-
creases accordingly since there is less current flowing through
the varactor.

1. EMXT WAVEGUIDE DESIGN

Since EMXT surfaces provide useful boundary conditions,
they can be used to replace regular metal walls of awaveguideto
realize various useful microwave components. The TEM wave-
guide using EMXT sidewalls have been demonstrated previ-
oudly [4], [5]. Fig. 8illustratesthe form of an EMX T waveguide.
The sidewalls are replaced by the EMXT structure of Fig. 1,
making for a totally metal enclosed pipe, but with the inside
surface of the sidewalls inhibited from carrying current in the
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Fig.8. Schematicdrawing of an EMXT waveguidethat supportsaTEM mode.

vertical y-direction at the resonant frequency of the EMXT sur-
faces. The inability to carry current vertically in the sidewalls
affects, at that resonant frequency for which the impedance is
highest, the TE modes of the guide converting the TE;, mode
toaTEM waveinsidethe pipe. The TEM wavewill carry power
through this pipe because the necessary currents can flow in the
top and bottom surfaces. If the sidewalls were of the polariza-
tioninsensitive (see[2]) type, i.e., current flow isinhibited in the
sidewalls in both the - and z-directions. In that circumstance,
the TE and TM waves are all affected, allowing only the TEM
wave to be the dominant mode in the guide at the resonant fre-
guency. Another useful feature of the EMXT guide at resonant
frequency isthat it has no “ cutoff” width and the a, or width di-
mension, of the waveguide can be arbitrarily small at F;., and
yet continue to carry a TEM wave.

When implemented with tunable EMXT sidewall sur-
faces, a very effective and low-loss waveguide phase shifter
may be achieved. For example, when F,.s of the EMXT
sidewalls is tuned, the boundary condition of the waveguide
sidewalls and, therefore, the propagation constant (3) of the
waveguide vary accordingly. Toillustratethe EMXT waveguide
phase-shifter concept, a ssimplified waveguide model in which
the sidewallsimpedance was taken to be that of aparalel L — C
circuit (see Fig. 1) was analyzed. Resistances are assigned to 1.
and C to account for losses. £ of the L — C circuit was chosen
to be 42.5 GHz. All the conclusions were then confirmed by
the results from finite-element simulations. Fig. 9 plots the
calculated propagation constant (3) of the TE/TEM modes of
the smplified EMXT guide with awidth of 7 mm. Propagation
in free space and propagation in anormal metal sidewall guide
are also depicted by the thin and dashed lines, respectively. The
full line shows the propagation of the fundamental TE/TEM
mode in the EMXT guide. The characteristic curve of propa
gation constant 3 versus the operating frequency I, shows
that, when £, coincides with [}, the propagation constant
is that of free space and the fields (¥ and H) are uniform
inside the guide (illustrated by the inserted cartoon). Power
passes through the guide as a TEM wave at that frequency.
When F,, is below Fi.,, the sidewalls have inductive surface
impedance increasing with frequency. As ., decreases, the
fields relapse slowly to the TE;q haf-sine, with the maximum
field (center) being no more than twice the minimum field
(sidewalls) over a bandwidth of 10%. This useful bandwidth
“B” (see Fig. 9) depends on the bandwidth of the sidewalls.
When I, is above Fi., the fields at the sidewalls begin to
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Fig. 10. Calculated attenuation in an EMXT waveguide with an F,... of
42.5 GHz.

grow and the wavelength decreases rapidly. The field at the
sidewalls is nonzero and supported by the capacitive surface
impedance of the sidewalls. This impedance is diminishing
as the frequency rises and the “concave’ (high field at the
sidewalls) mode is replaced by a third mode, which gradually
becomes more like the TE;¢ mode as F¢,, rises higher above
the resonance frequency. This means the dominant mode of
propagation in the guide returnsto a“ TE4,-like” state, dubbed
in this paper asthe “third mode,” at a frequency above F..
The useful bandwidth of the EMXT guide is aso limited by
attenuation, which is depicted in Fig. 10. The computed atten-
uation is well behaved until I+, is above Fi.., at which point
the wall current increases and the attenuation rises sharply. As-
suming reasonable values for wall metallization resistance and
skin effect, i.e., the @ values of L and C' inthe equivalent circuit
of the wall, the attenuation would be below 0.25 dB/cm until
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Fig. 11. Cadculated dependence of EMXT waveguide propagation constant 3
on the EMXT sidewall resonance frequency and guide width. The control of
phase shift is enhanced for the smaller waveguide width.

resonance, at which attenuation begins to rise sharply. Above
resonance, the attenuati on increases until the preferred mode be-
comes the “third” TE mode.

Fig. 11 illustrates the dependence of propagation constant /3
of an EMXT waveguide with a width of 5 and 2.5 mm on the
resonance frequency f... of the sidewalls for a fixed £, =
44 GHz. It is apparent that the phase shift of a fixed-length
EMXT waveguide can be controlled effectively by varying the
Fes Of the sidewalls. This controlling influence is stronger for
the slow-wave region (Fi.. < F,}) than for the fast-wave re-
gion. However, there is a probability of elevated losses existsin
the slow-wave region.

The effectiveness of phase control also depends on the size
of an EMXT waveguide phase shifter. From Fig. 11, it can be
seen that the control of phase shift for the fast-wave region
is enhanced for smaller waveguide width. Thus, a very effec-
tive phase shifter is possible for 44 GHz if the guide width is
2.5 mm (instead of 5 mm), and the resonant frequency may be
changed from 44 up to 50 GHz. One physical way to look at the
EMXT waveguideisthat the EM wavetraveling insidethe guide
bouncesback and forth off the EMXT sidewallsand each reflec-
tion introduces a phase shift depending on the £ of the side-
walls. For asmaller width guide, there will be more reflections
on the sidewalls than that of a greater width guide. Thus, phase
shifting per unit length for the EMXT waveguide increases as
its width decreases. These ideas for an effective phase shifter
to work with the waveguide enclosed array amplifiers[10] have
been the impetus to follow an experimental inquiry into these
EMXT-based waveguides.

IV. EMXT WAVEGUIDE RESULTS
A. EMXT Waveguide Assembly

The experimental waveguides of this study had a guide width
of 7 mm, as they were adapted from a WR28 metal guide by
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Fig. 12. WR28 waveguide incorporating EMXT sidewalls.
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Fig. 13. Measured insertion loss of a 2-cm-long EMXT waveguide with
sidewall ... varied by changing fix-tuned EMXT sidewalls. Averageinsertion
losses for al measured fix-tuned EMXT guide are approximately 0.5 dB/cm.

the removal of the metal sidewalls and their replacement by the
EMXT structures. EMXT surfaces described in Section |1 are
mounted into two brass sockets, as shown in Fig. 12. The two
brass sockets are then clamped to the sides of a WR28 wave-
guidewith its sidewallsremoved. Both thefix-tuned EMXT and
InP TQBV-tuned EMXT waveguide were made and measured.
For the TQBV-tuned EMXT waveguide, the bias of varactors
was achieved by biasing adjacent metal strips on the front side
of EMXT with wire bonds.

B. Fix-Tuned EMXT Waveguide

Initiad Ka-band EMXT waveguides were fixed tuned, i.e.,
they did not contain tunable sidewalls using varactors, but had
EMXT sidewalls of fixed resonant frequencies. These fixed
EMXT surfaces were fabricated on a Rogers Duroid substrate
(RO3006) of relative dielectric constant 6.15 and a loss tangent
of 0.013 at 35 GHz. The substrates were 0.62-mm thick and
copper coated on both sides, with patterns etched on one side.
The patterns were slots that formed strips on the inner sidewall
of the waveguides, as shown in Fig. 8. Plated through substrate
vias were included in the design and fabrication. The EMXT
samples used have F,., of 34.6, 37.1, 38.5, and 38.7 GHz.
Transmission measurements were made of millimeter-wave
signals, at frequencies between 36-39 GHz, propagating
through 2 cm of the 7-mm-wide EMXT waveguide. Results
are plotted in Fig. 13. The insertion loss is approximately
0.5 dB per cm for the EMXT guides and shows no discernable
maximal near F,.s. The insertion loss is compared against
that of an empty guide. This 0.5 dB/cm is a tolerable level
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Fig. 14. Measured (circled line) and predicted (dashed line) EMXT
waveguide: (a) phase shift and (b) insertion loss as a function of bias voltage
at 38 GHz.

of insertion loss and can be reduced by further design and
materials optimization (e.g., reduction of loss tangent).

It is noticeable that the sharp rise of the insertion loss,
expected as operating frequency exceeds resonant frequency
(as shown in Fig. 10), is not apparent. The expected rise
in insertion loss depends upon the “concave mode” above
resonance; i.e., that mode which enhances the fields at the
sidewalls and currents in the sidewall metals, which cause
the increase in loss. The Duroid fixed-tuned sidewalls with
their moderately high dielectric loss (a loss tangent of 0.013)
appear to show little or no influence of the “concave mode’
and show dielectric losses, which indicate a rapid conversion
to the TEo-like “third-mode.” At 38 GHz, approximately 60 °
of 521 phase change is measured for this fixed-tuned EMXT
waveguide with sidewalls of F,.s from 34.6 to 38.7 GHz.

C. Tunable EMXT Phase Shifter

InP TQBV tuned EMXT described in Section Il was used to
implement a K a-band waveguide phase shifter. From the re-
flection characteristics of the tunable EMXT, the waveguide
phase shifter incorporating EMXT sidewalls can be modeled
by the finite-element method quite accurately with an effec-
tive surface impedance approach. Fig. 14 compares the mea-
sured and predicted phase-shifter performance as a function of
bias voltage at 38 GHz. The agreement between measured and
designed phase shift and insertion loss is very well. For the
13-mm-long 7-mm-wide (WR28) INPTQBV EMXT waveguide

Measured Phase Shifter Performance
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Fig. 15. Control of phase achieved with an InP TQBV-based EMXT
waveguide over the entire & a-band.

measured, a total of approximately 320° of phase shift was
achieved with less than 10 V of biasing.

Theinsertion loss in this demonstration was high, peaking at
approximately 10 dB, while the average loss is approximately
6 dB. The insertion loss peaks up at frequencies a little higher
than Fi.s, as explained in Fig. 10. As mentioned previously,
both simulations and measurements have confirmed that the
loss is mainly due to the varactor series resistance Rs. This
high resistance has been addressed in the following designs,
and the expected maximum loss is approximately 2 dB in op-
timized full-wave EMXT waveguide phase-shifter designs that
use GaAs Schottky diodes instead of InP TQBV as the tuning
devices.

The phase control of this 7-mm-wide EMXT waveguide
phase shifter over the entire K a-band is plotted in Fig. 15. For
less than 10 V of bias voltage, this EMXT guide achieved a
nearly 27 -phase shift from 32 to 40 GHz and above.

One of the concerns for this new type of phase shifter is
its nonlinearity caused by the RF-signal modulation. The
third-order intermodulation distortion (IMD) of the InP
TQBV-tuned EMXT phase shifter was characterized using the
standard two-tone method. At 38 GHz, no IMD signal above
the equipment noise floor was observed for the highest input
signalsavailable. A lower limit of thethird order intercept (1P3)
was +36 dBm, which is satisfactory. Enhancement of linearity
can be achieved by designing and incorporating varactors with
optimized C-V characteristics.

Since smaler EMXT waveguide size may lead to more
efficient phase shifter (see Fig. 11), a 10-mm-long 3-mm-wide
waveguide with the same EMXT sidewalls was designed
and fabricated to achieve 360° of phase shift. A four-by-four
phased array has been demonstrated using 16 such 3-mm-wide
InP TQBV EMXT waveguide as both the phase-shifting and
radiating elements [13].

V. DiscussiON AND CONCLUSIONS

A new type of millimeter-wave waveguide phase shifter using
tunable EMXT surfaces as sidewalls has been demonstrated.
The key aspect of attaining performance is the implementation
of alow-loss tuning system that will vary the waveguide side-
wall impedance. The design and fabrication of EMXT wave-
guides in which the sidewall impedance values are continu-
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oudly tuned, either by varactor systems built into the sidewall
or by microelectromechanical systems (MEMS) built into the
sidewall, will provide, following optimization, phase-shifting
waveguides that will be compatible with phased-array antennas
and quasi-optical amplifiers applications. Other methods that
are currently being evaluated and that simplify the realization
of tuning capability are the substitution of control over the sub-
strate dielectric constant (ferroelectric materials) or the sub-
strate permeability (ferrite materials).

Experimental results of the EMXT waveguide phase shifters
that are in development show promise of effectiveness and low
loss. Design optimization will enable realization of a guide to
achieve a phase shift of 27 rad and aloss less than 2 dB with a
length of 10 mm at 38 GHz. These devices working with quasi-
optical amplifiers mounted will provide an innovative way to
extract power performance from solid-state amplifiers at mil-
limeter waves up to and over 100 GHz. In addition, these de-
vices will provide an innovative aternative in the area of ad-
vanced electronically steered antenna systems.
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