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Abstract: The performance of WR-3.4 overmoded waveguide modules containing a linear array
of discrete terahertz integrated circuits is presented to verify a new power-combining technique.
Custom-designed thru-line IC chips that include back-to-back broadband antenna transitions were
fabricated with an area of 390 x 750 mm? for waveguide packaging. Multiple array modules were
assembled to verify the repeatability in performance. The array modules exhibited almost identical
amounts of insertion losses compared with single-element modules, showing the best insertion loss
of 2.6 dB over a 1 dB bandwidth of 95 GHz.
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1. Introduction

Although the terahertz frequency range, notably, the WR-3.4 band, is attracting a
significant amount of attention for future communications applications, the generation of a
large amount of power from terahertz transistors is still a difficult task. The most obvious
solution is to internally combine powers on a single IC chip by connecting many transis-
tors in parallel using transmission lines. One of the early IC amplifier examples for the
WR-3.4 band demonstrated an output power of 9.8 dBm at 305 GHz by connecting eight
6 mm HBT devices in differential common-base configuration [1]. In another example,
power cells each consisting of four cascode 6 mm HBT devices were characterized and later
combined using four-way Wilkinson couplers for a total of sixteen output-stage devices to
produce 13.5 dBm at 301 GHz [2]. In a recent effort to place a larger number of devices in a
limited chip space, special four-finger devices were invented to combine a total of sixteen
6 mm devices to produce 16.8 dBm at 270 GHz [3]. However, further increasing the number
of devices on a single chip is limited by interconnection difficulties, transmission-line
losses, device yield rates, and device self-heating, as described in state-of-the-art InP HBT
fabrication technology [4]. In order to address these issues, external power-combining
using multiple waveguide channels connected in parallel has also been attempted. A
waveguide power-combining technique where a single chip containing a pair of E-plane
probes connecting two standard waveguides is described for E-band operation in [5]. A
16-way broadband power-combiner was demonstrated using ridge waveguide Tjunctions
to achieve 18 to 40 GHz bandwidth [6]. For frequencies above 200 GHz, Northrop devel-
oped a 185 mW power module at 210 GHz with four 75 mW amplifiers and conventional
waveguide Y-junctions [7]. Nuvotronics reported 820 mW of output power at 216 GHz by
connecting sixteen 80 mW single-chip power amplifiers using sliced membrane-stacked
waveguide combiners [8]. Subsequently, the operating frequency was increased to 260 GHz
as Raytheon and Teledyne Scientific worked together to produce 700 mW of output power
by waveguide-combining 32 PA MMICs [9]. However, these separate-channel waveg-
uide power-combining modules possess shortcomings due to enormous complexities in
construction.
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A more convenient waveguide power-combining solution utilizing only a single
waveguide channel has recently been introduced. A new technique in mounting multiple
circuits on a single waveguide channel was proposed. In the first demonstration, a single
chip containing three amplifier circuits was mounted across the standard-width E-plane
channel to prevent the excitation of higher-order modes [10]. In addition, an oversize H-
plane waveguide module that enabled one-dimensional Gaussian beam propagation was
initially introduced to feed power to an array of separately mounted amplifier elements [11].
The linear-array amplifier elements can be implemented together on a single chip when
an oversize E-plane module is used instead, as demonstrated earlier in the Q-band [12].
The expanded E-plane module offers an additional advantage with a perfectly uniform
power distribution for achieving improved power-combining efficiencies. In this study, the
expanded E-plane waveguide power-combining technique was extended to the terahertz
frequency range for the first time by testing a set of WR-3.4 waveguide modules which are
built by actually mounting an array of custom-made passive thru-line IC chips inside.

2. Array Module Assembly

A sketch and photograph of the terahertz waveguide module containing a linear
array of four IC chip elements are shown in Figure 1. Waveguide machining becomes very
challenging when the frequency reaches the WR-3.4 band; the standard waveguide E-plane
width (w) is only 430 mm because the size of available milling tools is only 200 mm. This
forces the waveguide machining tolerance to exceed 20 mm. For the channel-split section
inside the module, the channel widths are continuously varied without sharp corners to
achieve a minimum reflection loss over a wide frequency range. The narrowest channel
width near the split junction is 215 mm, slightly larger than the size of the milling tool.
In the final stage of the binary tree before the two channels are merged, a cosine taper is
applied to increase the channel width (s) to 860 mm, the largest single-channel width that
prevents the propagation of higher-order modes.
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Figure 1. WR-3.4 waveguide module containing four-element IC array. (a) Photograph of the
fully assembled waveguide module; (b) E-plane sketch of the middle expanded-channel section;
(c) photograph of the split module showing the expanded-channel section.

In our experiment, the IC chips received the incoming power from the input waveguide
and retransmitted it into the output waveguide using a pair of broadband transition
antennas. These through-line IC chips were fabricated using Teledyne’s 250 nm DHBT
technology. As shown in Figure 2, the IC chip widths were fixed at 390 mm to operate with
an air-gap margin of 20 mm on each side inside the unit cell, having a width of 430 mm.
When the air-gap sizes were increased to over 40 mm, the operation bandwidth became
narrower, and ripples started to appear in the frequency response of the module. Although
the transition dipole was similar to that already introduced in [13], its design was improved
to achieve a wider operation bandwidth. The metallic pedestal working as a back-short
reflector for the dipole provided reactance matching while ensuring a full isolation between
the input and the output of the waveguide. The number of available IC chips is limited;
therefore, only four chips were mounted across the overmoded E-plane channel with a
width of 1720 mm. Accurate chip positioning on a waveguide pedestal is a difficult and
often unrepeatable task. In addition, we found that the amount of electrically conductive
epoxy underneath the chip, EK2000 from Epoxy Technology, may have influenced the
module performance. Therefore, three different array modules were assembled to check
the repeatability in the chip mounting process.
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Figure 2. E- and H-plane views of the IC chip mounted in the unit cell.

3. Array Module Performance

A total of five separate modules, three array modules along with two single-element
modules, were fabricated and tested using a WR-3.4 vector network analyzer. All three
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array modules possessed almost identical small-signal responses with less than 0.5 dB
module-to-module variations, possessing roughly 3 dB of insertion loss across the full WR-
3.4 band, as shown in Figure 3a. In addition, no sharp resonances or reflections normally
seen in waveguides with their channel widths exceeding 1.5 wavelengths at 270 GHz were
observed. This indicates that the unit-cell symmetry and single-mode propagation are well
preserved across the expanded E-plane channel, even with the multiple chip mounting
process. Two additional modules containing only a single IC chip were built for comparison
purposes; their small-signal responses are also included in Figure 3a. The performance of
both types of modules was in accordance with the simulation results from High Frequency
Structure Simulator (HFSS from Ansoft) when a metal conductivity of 1.3 x 107 S/m for the
waveguide walls and microstrip conductors was assumed. The measured results exhibited a
slight upward frequency shift in the operation bandwidth because the initial IC design used a
higher dielectric constant of 12.8 as opposed to the corrected dielectric constant of 11.8.
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Figure 3. Measured array module performance. (a) Insertion loss comparison with the single-element
modules; (b) average loss difference from the single-element modules.

The array packaging efficiency calculated from the difference between single and array
module’s average insertion losses is plotted in Figure 3b. It shows there are no significant
additional losses for the entire frequency band for the array modules, except the small
extra losses near 220 GHz and 270 GHz. These results imply that the amplifier gain will
be preserved, whereas the output power will increase by a factor of the number of array
elements when amplifier ICs are packaged instead of through-line ICs.

4. Field Uniformity Test

An empty module, shown in Figure 4a, with both the IC chips and the pedestal
removed from the expanded E-plane channel was machined for the extra verification of
a uniform field distribution across the 1720 mm wide channel. The measured insertion
and reflection losses covering the full WR-3.4 band are plotted in Figure 4b. The average
insertion loss was roughly 0.7 dB, and the mismatch loss stayed below —10 dB for the entire
band. The flat insertion loss without large reflections indicated that the uniform-amplitude
TE 9 mode was well preserved in the expanded channel.
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Figure 4. Empty array module test. (a) Photograph showing the bottom half of the empty module;
(b) measured insertion and reflection losses.

Another array module cut in the middle to form an open-end waveguide, as shown in
Figure 5a, was additionally tested for radiation patterns, following the approach introduced
in [5]. The expanded E-plane channel directly facing the free-space was an efficient radiator,
working as an E-plane horn with a uniform phase. The measured reflection coefficient of
the open-end block was less than —10 dB for the full band. The measured E-plane pattern at
270 GHz plotted in Figure 5b shows a half power beamwidth of 34 degrees and a side-lobe
level of 12 to 14 dB, indicating a source aperture with a uniform amplitude and sharp
edges. The pattern matched very closely to the normalized sinc function that represents
the radiated pattern from a uniform-field source with an aperture size of 1720 mm. The
measured H-plane pattern also matched well with a theoretical pattern obtained from the
Fourier transform of a half-cycle cosine field variation across an 860 mm aperture which
was multiplied by the obliquity factor of cosq for the radiating aperture placed on top of a
metallic surface
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Figure 5. Open-end array module test. (a) Photograph showing the bottom half and the fully
assembled open-end module; (b) measured (solid) and theoretical (dashed) E- and H-plane patterns.
5. Conclusions

The waveguide module presented in this paper delivers and collects uniform power
to and from an array of IC chips located inside a metallic packaging environment for
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frequencies as high as 300 GHz. The measured results confirm that the small-signal perfor-
mance of the array modules very closely followed performance of single-element modules,
indicating that the power performance will improve by the number of elements packaged
in the module. The expanded E-plane channel technique becomes truly advantageous over
the separate-channel approach when all the array elements are fabricated together on a
single chip. It remains the target of future research to fabricate a linear array of amplifier
elements together with DC bias circuitry on a single chip.
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