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Low-insertion loss phase shifter for
millimeter-wave phased array antennas
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This paper proposes a compact, low-loss, and low-cost phase shifter for millimeter-wave/sub-THz applications. The basic idea
is to perturb the propagation constant of a high resistivity silicon image guide by high-dielectric constant barium lanthanide
tetratitanates (BLT) ceramic loading. Three different BLT ceramic samples have been tested. The measured maximum phase-
shift variation reaches 1508 at 100 GHz with an average insertion loss of 2.85 dB and an insertion loss variation ,0.7 dB for a
sample of a 5-mm length. The proposed phase shifter has a bandwidth from 95 to 105 GHz. A low-cost fabrication technology
has been developed and used to realize this phase shifter.
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I . I N T R O D U C T I O N

Phased array antennas have become essential for many emer-
ging millimeter-wave/sub-THz applications, such as wireless
high-definition video streaming, satellite communications,
5 G mobile communications, imaging, and sensing. Phased
arrays commonly consist of four discrete building blocks:
the active elements, RF manifold (feed network), phase shif-
ters, and antennas. Low-cost compact integrated phase shif-
ters with low-insertion loss and low-power consumption are
highly desirable for the aforementioned applications. In add-
ition, minimal insertion loss variation for the full range of
phase shift over a wide-frequency band is a crucial
requirement.

Various types of microwave phase shifters have been devel-
oped for a wide range of applications [1, 2]. Some practical
issues such as the insertion loss characteristics and bandwidth
have not yet been fully resolved for phase shifters especially in
the millimeter-wave/sub-THz frequency range [3, 4]. The
design of phase shifters (as well as all other passive and
active components) in the millimeter-wave/sub-THz band
requires careful consideration of two main factors. The first
factor is reducing the fabrication process cost and complexity.
The second is minimizing the power loss in the guiding struc-
ture. High resistivity silicon (HRS) dielectric waveguide satis-
fies the aforementioned requirements [5, 6]. In addition, it can
form a fully homogeneous low-cost/low-loss platform suitable
for millimeter-wave/sub-THz antenna system that can be

easily integrated with active devices in this range of frequen-
cies [7].

In this work, a new phase-shifting structure based on HRS
dielectric image waveguide is presented. The proposed struc-
ture changes the phase shift of the propagating mode by
varying the image guide propagation constant using a high-
dielectric constant slab of barium lanthanide tetratitanates
(BLT) ceramic made of BaO–Ln2O3–TiO2 (where Ln ¼ La,
Ce, Pr, Nd, Sm, or Eu). BLT compositions are well known
as commercial dielectrics for RF applications due to high per-
mittivity (1r can go up to 170), low-temperature coefficient,
and low-dielectric losses over a wide range of temperatures
and frequencies [8]. The used BLT samples have accurate
measured dielectric constants with +0.3% tolerance. The
high-dielectric constant leads to a significant size reduction,
which is highly desirable in many practical applications.
A microwave phase-shifting structure based on a BLT
ceramic loaded coplanar waveguide (CPW) line is presented
in [9]. However, the CPW-based phase shifter is not practical
in the millimeter-wave/sub-THz range due to the loss and the
fabrication limitations; therefore, here we present a new phase
shifter concept based on HRS image guide.

I I . D E S I G N

As shown in Fig. 1, the proposed concept uses a dielectric
image guide based on an HRS (.2 kV cm) substrate. The
propagation constant of the dielectric image waveguide is per-
turbed by placing a high-dielectric constant BLT material on
top of it at a small distance (few microns). A large variation
of the phase shift is obtained by changing the air gap. To
prove the concept, phase shifters with different types of BLT
materials with dielectric constants up to 1r ¼ 165 have been
simulated, fabricated and successfully tested. The resulting
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tunable phase shifter has minimal insertion loss variation over
the full range of phase shift.

The design procedure of this phase shifter test structure is
summarized in the following steps:

A. Step 1: Design of HRS image guide
at W-band
The HRS rectangular cross-section dielectric image guide is
designed to ensure single-mode operation Ey

11 across the
W-band (75 to 110 GHz). For the particular design example
reported in this work, the image guide has a width of
700 mm and a height of 500 mm. The total length of the wave-
guide is 10 mm. A cross-section of the image guide showing
the E-field distribution at 100 GHz is depicted in Fig. 2.

B) Step 2: Design of HRS image guide
to WR10 metallic waveguide transition
The metallic waveguide WR10 is the standard input/output
port of the W-band Agilent PNAX extender OML head.
Therefore, to test the proposed phase shifter, a transition
from HRS image guide to WR10 waveguide ports has been
designed. A HRS dielectric linear tapered section is added to
the rectangular image waveguide. The tapered transition is a
simple technique used to match the dominant mode of the
dielectric waveguide to that of the metallic one [10]. The
total length of the matching section (5.7 mm) has been
chosen to provide a low-reflection transition. Figure 3 shows
the S-parameters results for the simulation that includes the
image guide, the transition and the metallic waveguide. The
ripples in S11 are due to small mismatches at both ends
(Fabry–Perot resonances). Fig. 4 shows the three-dimensional
(3D) of model in high frequency structural simulator (HFSS)
for the whole test structure along with E-field distribution at
100 GHz.

Although the transition plays important role in testing the
phase shifter, it is not a part of the phase shifter itself. For
example, the phase shifter can be part of homogeneous
image guide-based phased array antenna system or integrated
directly to flip-chip-based active components through image
guide to CPW transition [7] without the tapered transition.
Hence, the phase shifter actual size should not include the
tapered transition length.

C) Step 3: High-dielectric constant slab design
and air gap calculation
The effect of the high-dielectric constant slab top loading on
the image guide dominant mode propagation with a small
air gap in between has been studied by simulations.
Different dielectric materials with different lengths have
been fixed at different distances from the image guide. An
example is given here for a BLT sample with a relative permit-
tivity of 165 and a length of 5 mm. When the spacing between
the BLT slab and the image guide is 5 mm, the S21 magnitude
and phase are 22 dB and 1138, respectively and the field dis-
tribution is given by Fig. 5. When we increase the air gap by
20 mm the S21 magnitude and phase change to 21.97 dB
and 21578, respectively and the field distribution is given
by Fig. 6. The difference in phase between the two cases is
almost 908 and this can be visually checked in Figs 5 and 6.

Fig. 2. Cross-section in the image guide shows the E-field magnitude
distribution at 100 GHz.

Fig. 3. Simulated S21 and S11 magnitudes versus frequency.

Fig. 4. (a) HFSS model of the whole-test structure, (b) E-field distribution at
100 GHz.

Fig. 1. The proposed HRS image guide phase shifter test structure.
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In our case, we used a BLT slab with a thickness of 250 mm
and width of 2 mm. However, the width and thickness of the
BLT slab (as long as it is much larger than the air gap) does not
have any appreciable effect on the performance. Three differ-
ent high-dielectric constant slabs (samples) have been studied
for the proposed phase shifter application. Figure 7 shows a
comparison between the three samples at 100 GHz. The first
sample has a dielectric constant of 42 and a length of 5 mm.
Sample 2 has a dielectric constant of 80 and a length of
3 mm. Sample 3 has a dielectric constant of 165 and a
length of 5 mm.

Fig. 5. E-field distribution at 100 GHz longitudinal cut at air gap ¼ 5 mm.

Fig. 6. E-field distribution at 100 GHz longitudinal cut at air gap ¼ 25 mm.

Fig. 7. Phase-shift variation versus air gap at 100 GHz for the studied samples.

Fig. 8. Optical lithography fabrication process for the proposed structure.

Fig. 9. Fabricated sample: (a) picture of the waveguide, (b) SEM scan of the
waveguide.

Fig. 10. Silicon surface roughness profile.

Fig. 11. BLT slab surface roughness profile after polishing.
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I I I . F A B R I C A T I O N P R O C E S S

A) Optical lithography and dry etching
First fabrication method is a single-mask fabrication process
with standard steps and recipes. This method has low produc-
tion cost and a high level of reproducibility. The chosen sub-
strate wafer is double-side polished and has an orientation of
[1 0 0] with a diameter and thickness of 4 inch and 500 mm,
respectively. The process steps can be summarized as shown
in Fig. 8. In Step (a), the HRS wafer is cleaned in RCA solu-
tion. In Step (b), an aluminum layer with thickness of
0.5 mm is sputtered on each side of the silicon substrate.
Then [Step (c)] the wafer is coated with a thin layer of
photo resist (Shibly 1811) with a thickness of �1.3 mm on
one side (above the aluminum layer).

In Step (d), an optical lithography with a 5 inch Chrome
mask (5 mm resolution) is performed. Then [Step (e)] the
aluminum is patterned using the wet-etching process. In
Step (f), deep reactive-ion-etching (DRIE) [11] (Standard
Bosch process) is performed for the thickness of 500 mm
(a carrier wafer is used during the through wafer etching).
Then [Step (g)] the aluminum hard mask is stripped with
the aluminum wet etchant again.

One of the main advantages of this technique is its high-
dimensional accuracy obtained from the photolithography
and DRIE processes. With photolithography, depending on
the quality of the Chrome mask, very small tolerances up to
+0.3 mm are realizable. The DRIE process is able to
provide almost vertical sidewalls with a very small roughness.

Figure 9 shows the picture and scanning electron micros-
copy (SEM) scans of the fabricated waveguide sample. HFSS

simulations show that the effect of roughness on the propaga-
tion constant of the waveguide is negligible. The measured
width of the fabricated waveguide is 700 + 2 mm.

The roughness of the silicon surface was measured by a
profiler. The standard deviation value of the surface roughness
is 13 nm (see Fig. 10).

B) Laser micro-machining
The second fabrication method is based on laser machining.
Laser machining is an accurate, chemical-free, and fast
process (no mask preparation is needed), which can be used
as an alternative solution to etching technique in many emer-
ging applications. The laser machine, which is used for cutting
the BLT samples, is the ProtoLaser U3 UV system from LPKF.
The laser wavelength is 355 nm. Since the 200-mm-thick BLT
material is very fragile, it can be easily broken with excessive
laser power. Therefore all the laser parameters are optimized
to achieve a clean edge cut without cracking the sample.
Figure 11 shows the surface roughness of the BLT slab after
polishing. The standard deviation value of the surface rough-
ness is 79 nm.

As can be seen from the graph, the BLT slab has (as well
as many of ceramic-based material) some surface cracks.
Since the width of these discontinuities in the order of
few microns, the effect is negligible on the dielectric
constant over the frequency range of interest in this paper.
This has been verified with the good agreement between
simulations (where the BLT slab model does not have these
sharp discontinuities) and measurements as will be shown
later.

Fig. 12. (a) Picture of the experimental setup, (b) schematic of the micro-positioner setup.
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I V . M E A S U R E M E N T R E S U L T S

In this section, we present the complete test setup and meas-
urement results, using a micro-positioner with a probe end
attached to the topside BLT sample. The attachment is done
using a 10 mm drop of silver paste. The paste has insignificant
effect on the operation as the E-field is highly concentrated
inside the air-gap region (under the BLT slab). The measure-
ment is performed using Agilent PNAX connected to OML
millimeter-wave WR10 extenders. The micro-positioner
setup is used to move the BLT slab up and down and vary
the air gap with micron accuracy. The measurement setup
along with the test structure is shown in Fig. 12. The surface
roughness limits the minimum air gap between the HRS
image guide and the BLT slab. The calibration and initial
measurement are done for the HRS image guide in the
absence of BLT slab and the results are shown in Fig. 13.

The measurement results presented in this section are
obtained for the following three different high-dielectric con-
stant slab samples:

A) Sample 1
The high-dielectric constant slab for Sample 1 has a dielectric
constant of 42 and a length of 5 mm. Figure 14 shows the S21

and S11 magnitudes variation versus frequency for different air
gaps. The S21 relative phase variation versus frequency is
shown in Fig. 15. In all the following graphs, each micro-
positioner step is considered 10 mm.

B) Sample 2
The high-dielectric constant slab for Sample 2 has a dielectric
constant of 80 and a length of 3 mm. Figure 16 shows the S21

and S11 magnitudes variation versus frequency for different air
gaps. The S21 relative phase variation versus frequency is
shown in Fig. 17.

C) Sample 3
The high-dielectric constant slab for Sample 3 has a dielectric
constant of 165 and a length of 5 mm. Figure 18 shows the S21

and S11 magnitudes variation versus frequency for different
air gaps. The S21 relative phase variation versus frequency
is shown in Fig. 19. The main phase change occurs in the
first two steps (20 mm), which are suitable for practical
application.

Fig. 17. Measured relative phase variation versus frequency for different
air gaps.

Fig. 16. Measured S21 and S11 magnitude variation versus frequency for
different air gaps.

Fig. 15. Measured relative phase variation versus frequency for different
air gaps.

Fig. 13. Measured and simulated magnitudes of S11 and S21 versus frequency
for the image guide in the absence of the BLT slab.

Fig. 14. Measured S21 and S11 magnitude variation versus frequency for
different air gaps.

low-insertion loss phase shifter for millimeter-wave phased array antennas 37

https://doi.org/10.1017/S1759078714001299 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078714001299


D) Summary of measurements
Three different high-dielectric constant slabs have been tested.
Summary of the measurements results at 100 GHz for
different dielectric samples are shown in Table 1. Figure 20
shows a comparison between the simulations and measure-
ments of the obtained phase shifts for the three tested
samples at 100 GHz.

V . C O N C L U S I O N

This paper presents a new high-performance phase shifter for
millimeter-wave/sub-THz phased array antenna applications.
The proposed phase shifter is a BLT-loaded dielectric image
waveguide. In order to prove the concept, three test samples
are designed and measured. A phase shift of 1508 at
100 GHz with a maximum insertion loss variation of 0.7 dB
is obtained, using a device with a length of 5 mm.

To achieve 3608 phase shift, either a longer BLT slab or a
BLT with higher dielectric constant should be used.
Electrically controlled version of the proposed phase shifter
is feasible by using a piezoelectric transducer to vary the air
gap with micron accuracy.
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