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This document is a scheduled report for the Phase I Option development of High Bandwidth
Terahertz Communication Link for communication in the 165-178 GHz frequency band at
Gigabit data rates (CCAM-RD-A contract W31P4Q-13-P-0006).
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1) Proposed design of Time Division Duplex (TDD) Terahertz radio
2) Phase I Option development

2.1 Assess availability of sub-THz components and procure long lead parts
2.2 Perform detail mechanical design of the radios
2.3 Preliminary design of the digital data buffering circuit for TDD operation

3) Commercial development of THz radios through Trex Loea business
4) Attachments
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1) Proposed design of Time Division Duplex (TDD) Terahertz radio

In Phase | Trex proposed to design and demonstrate a prototype of a high bandwidth THz Radio
reconfigurable for operation at 3 Gbps data rate for unidirectional links and 1 Gbps TDD bi-
directional links. The radio transceiver shown in Figure 1 will have the flexibility to switch
between the two modes by the operator request. All of the necessary system components are
commercially available and many of the subsystem blocks shown are taken from existing
product lines of Trex/Loea E-band millimeter-wave Gigabit radios. These items, shown in
yellow, can be rapidly integrated into a compact package with minimized development cost to
meet the needs of the current program.

Terahertz Time-Division-Duplex Data link (165-178 GHz)

667 MHz [N
oscillator |l _><]
H Transmit
1| Differential antenna
Data Encoder
PLL Oscillator TR TDD Data (> [ pata 1/0
12.4-13.4 GHz ] controller | buffer [<—
PLL Oscillator Data
13.6-14.9 GHz Demodulator
T 7 RSSI
Frequency Channel
control Distortion
’t | Input from Correction Receive
TDD controller ) antenna

Figure 1. Block diagram for the frequency-agile THz TDD Radio Prototype

The carrier frequency of the transceiver can be set at any frequency between 165 GHz and 178
GHz. In order to establish a link, the transmitters and receivers will initially implement a
handshaking protocol at 165 GHz where atmospheric attenuation is the lowest. This allows any
THz Radio that wants to communicate with any cooperative THz Radio, to configure the receive
unit to accept the data. Once the two units have established contact, the embedded firmware will
negotiate their operating frequency, which will maintain the shortest possible link range. For the
remainder of the transaction, the data will be passed in one or both directions at Gigabit or higher
rates based on a push-to-talk protocol.
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The above configuration allows the radio to have large frequency coverage and to be rapidly
tunable. This is crucial for the link to take advantage of prevailing atmospheric absorption
characteristics for maximum covertness.

For ranges greater than 200 meters, the transmit and receive signals have to be amplified to
ensure there is sufficient power budget for longer range communication. During Phase | and the
Option effort, Trex has performed extensive research of potential THz amplifier vendors
considering cost, size, weight and power (SWaP) requirements for the battery operated radios
described in the proposal. A THz transmit power amplifier (PA) and/or a THz receive low noise
amplifier (LNA) are taken to be add-as-required components for each specific application. In
Figure 1, these optional amplifier modules are shown using dashed outlines next to the transmit
and receive antennas.

2) Phase | Option development

Phase 1 proposal included an Option with the following tasks:
- Assess Sub-THz component availability
- Order long lead parts
- Detail mechanical design
- Reporting

2.1) Assess availability of sub-THz components

During Phase I and Option period, Trex performed extensive research into THz-range passive
and active component options for the 165-178 GHz frequency range. Although THz-range
components can be procured from vendors such as Virginia Diodes and Northrop Grumman for
low conversion loss THz mixers, and amplifiers, these vendors do not offer monolithic
microwave integrated circuits (MMIC.) They primarily sell connectorized modules with
waveguide input and output ports and their prices are high. Besides the cost, such modular
components put undesirable constrictions on the SWaP requirements of the radio design. Trex
has a fully equipped facility and the know-how capabilities for assembling and testing high-
complexity millimeter and sub-millimeter-wave circuits using MMIC components. Trex also has
experience with designing and modeling such MMIC circuits which can be then fabricated by a
third party foundry. Therefore, our component research has been focused on identifying vendors
of the THz frequency range MMIC amplifiers and mixers and establishing business relationships
which will allow small quantity fabrication of such components at an affordable cost.

For the THz up-and-down-frequency converting mixers, Trex has chosen United Monolithic

Semiconductors (UMS)-GAAS foundry in France to fabricate Qty 15 Trex-designed mixer
MMICs for a very favorable total cost of $5,550 (as shown in the Attachment A.) The mixers
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have been ordered as long lead items using the Phase | Option project funding. These second
harmonic mixers have been designed for the center frequency of 170 GHz, and will be used in
both the receiver and transmitter for the up-and-down-conversion of the 165-178 GHz signals to
or from the intermediate frequency (IF) range. The mixers will be driven by local oscillators
(LO) similar to the ones used in Trex/Loea millimeter-wave radios. Design layout of the MMIC
is shown in Figure.2.

Figure 2. Layout of the 170MIX9 THz MMIC mixer designed by Trex

In order to procure sub-THz amplifiers, Trex has established a business relationship with
Fraunhofer Institute for Applied Solid State Physics in Germany, and obtained a formal quote for
Qty 4, medium power THz amplifier MMICs. The quote is shown as the Attachment B. The
amplifiers have a design gain of 20 dB and compressed power output of approximately 2 mW,
which would be sufficient to close a 3 Gbps link up to 400 meters in clear weather. The S-
parameter characteristics of the MMIC amplifier are shown in Figure. 3.
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Figure 3. S-params of Fraunhofer MMIC Amplifier
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2.2)  Perform detail mechanical design of the radios

During Phase 1 option period Trex elaborated on details of the mechanical components and the
overall layout of the proposed THz radio. The assembly drawing of the THz transceiver is
shown in Figure 4. The transmit and receive module will incorporate all THz and IF components
and will provide digital data input for the transmitter and digital data output for the receiver via
SMA connectors. The THz transmit and receive horns will be placed in the focus of the
rectangular dielectric lenses which will determine the size of the THz antenna aperture and,
ultimately, the angular width and shape of the THz beams. The lenses can be customized to
optimize the beam configuration for range and angular field of view (FOV.) The size of the
antenna aperture can be varied by using optional external diaphragm attachments or by installing
an additional pair of lenses between the feedhorns and the aperture antennas. The digital signals
will be processed by the system controller and memory buffer, whose layout will be discussed
later in this report. The THz module design is illustrated by the mechanical drawing of the
transmit module shown in Figure 5. A split block metal housing of the module will enclose a
waveguide channel containing both active/passive MMIC devices, filtering and interconnect
components. An assembly diagram of the transmit module (Figure 6) also shows bias boards
providing voltages to the components and connections to the system controls. Trex has also
designed a matched probe transition (Figure 7) between the planar receive / transmit circuits and
the waveguide ports of the antenna feedhorns.

THz transmit . THz receive
module o module

. THz feedhorn
antennas

Lens apreture antennas

Figure 4. Mechanical design of the THz radio assembly
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Figure 7. Design of the matched planar to waveguide probe transition for THz feedhorn antennas
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2.3)  Preliminary design of the digital data buffering circuit for TDD operation

The proposed radio uses same THz frequency band to transmit and receive data, which precludes
it from transmitting and receiving data simultaneously by the same transceiver module. Uni-
directional communication at 3 Gbps data rate is not affected by this constriction, but the bi-
directional link will require a time division TDD approach, where transmitter and receiver in
each module are not allowed to operate over the same time period. The radios will be designed
to communicate in the TDD mode at 1 Gbps data rate by buffering the transmit data during the
receive interval. The transmission rate will be accelerated to 3 Gbps during the transmit interval.
The accelerated transmission will allow it to clear the buffer memory and to give additional time
for a new reception cycle. In TDD mode the transmit-receive switching of the modules will be
coordinated by the control module. The critical part of the system is the large size and high
speed memory buffer as well as the data rate adapter circuit. Trex will design this circuit using a
high performance Xilinx or Altera Field Programmable Gate Arrays (FPGA) using multi-gigabit
transceiver technology. The FPGA's will use high speed serializer-deserializers as well as
8b/10b or 64b/66b encoding options to prevent any DC level drift. On the receiver end, the
clock and data recovery circuits will extract the clock from the data stream, and align the data in
words. The parallel FPGA input-output data will be clocked in using 16 bit or wider parallel
interface at 300 MHz, which will be directed to and from external memory buffers. Trex has
already implemented similar circuits at 2 Gbps data rates for its >200 Megapixel digital camera
product. A functional diagram of the digital buffer and data rate adapter circuits are shown in
Figure 8. The final implementation of the circuits will be decided based on whether serializing-
deserializing of the data will be done within the FPGA or by the dedicated external components,
and whether the memory buffers will use external SRAM or FPGA internal memory. These
decisions will be made by analyzing the power consumption of alternate circuit configurations.
The diagram in Figure 8 shows that the data is extensively serialized-deserialized in order to
allow real-time processing within FPGA whose clock speed is lower than the data rate. Figure 8
shows a case where to-be-transmitted-in-the-next-cycle data in Transceiver 1 is buffered at 1
Gbps in the SRAM1 memory, while a previously accumulated block of the data is transmitted at
3 Gbps. Transceiver 2 receives data from Transceiver 1 at 3 Gbps and fills SRAM2. During this
time interval, the transmit channel of the Transceiver 2 is disabled, and the receive channel is
connected to the feedhorn antenna. At the same time, the Transmit 1 channel is enabled, and
sends data through the antenna at 3 Gbps rate, emptying the buffer three times faster than it is
filled by the 1 Gbps input data. Its receive channel is disconnected from the antenna, and sends
accumulated data from the buffer, to the output at a 1 Gbps rate. Once the Transceiver 1
transmits the previously accumulated block of the data, the transceivers swap their roles, where
Transceiver 2 becomes the transmitter, and Transceiver 1 becomes the receiver. The timing
diagram shown in Figure 9 further illustrates this highly synchronized transmit-receive process.
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=

Block diagram of the THz radio operating in 1 Gbps TDD mode

* Shown is Tx/Rx switch position for a cycle of data transfer from Transcever1 to
Transceiver 2 at an accelerated rate of 3 Gbps

Transceiver 1 Transceiver 2

SRAM 1 Full duplex SRAM 1
TDD THz radio
write@ | |9 | Read @ link @ 1 Ghps Read @| _ ] Write @
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Figure 8. Design of the data buffer and the data rate adapter circuit for the THz radio operating in the 1
Gbps TDD mode.

Data transfer timing diagram of the THz link in 1Gbps TDD mode

Transceiver 1l

|

i
™/Rx@ |
3 Gbps i T

Buffering
data @
1Gbps

Buffering
data @
1Gbps

Figure 9. Timing diagram of the synchronized 3 Gbps transmit, receive and 1 Gbps data buffering cycles
of the bi-directional THz TDD radio at 1 Gbps data rate
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3) Commercial development of THz radios through Trex Loea business

Trex plans to introduce the proposed Gigabit Terahertz radio into its Loea Corp. millimeter-wave
commercial product portfolio after the development passes through its principal design, cost
reduction and demonstration phases. The greatest marketing advantage of this product is its
significantly smaller footprint compared to existing systems having similar capacity and
feasibility of ultra-high data rates with low-order modulation methods. Trex sees high cost as the
main obstacle to successful commercialization of this product, primarily due to the cost of the
THz amplifier components. To make this new product competitive, Trex needs to gain access to
low cost THz MMIC amplifiers and other components by developing business relationships with
academic and industrial partners providing foundry design and fabrication services using
advanced InP pHEMT process both domestically and abroad.

Trex/Loea was the company that petitioned the FCC in 2001 to open up the E-Band space for
point-to-point communications, resulting in the 2003 Rulemaking that made the 71-76 and 81-86
GHz channels available for these applications today. Thus Trex has experience in this policy
making arena, and in commercialization of radio technology. Today Loea Communications
Corporation is one of the three leading companies in the world for production of multi-Gbps
radios in the E-Band spectrum, and is poised to add licensed and unlicensed radios in the 160-
180 GHz band, and eventually license-free radios in the > 300 GHz band, to its product portfolio.

4) Attachments
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Attachment A

UMS-GAAS purchase order confirmation for fabrication of Qty 3 of the MMIC wafer
reticles with a projected yield of 15 qualified mixer devices based on the Trex design
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Our VAT identifier FR 69383144102 -~ -
Delivered ta Orrfarad by
TREX ENTERPRISES CORPORATION TREX ENTERPRISES CORPORATION
164 WEST STREET 10455 Pacific Center Court
WEST HATFIELD SAN DIEGO, CA
A 01088 9212164339
UNITED STATES OF AMERICA UNITED STATES OF AMERICA
. S
Qur ref. 23329 From  28M1/2012 Customer 2008487
Your ref. 59933 From 28M1/2012
Payments Terms 30 DAYS NET
Incoterm DAF DELIVERY AT CUSTOMER
PLACE
?_ﬁg’ Refarence d'a:ﬂ:;;?y Unit GOty Unélfvi!rme Amount Currency
10 BE Activity & Chips Delivery 25/02/13 UN 3,00 1.850,00 58580,00 UsSD
Mask BILBO Process BES
WP10M_FA

8479-R 10



TREX=ENTERPRISES Final Report
S e m o F o m oA 1 1 o n W31P4Q-13-P-0006

Attachment B

Formal quote for fabrication of Qty 4 medium power MMIC amplifiers
for the 165-178 GHz radios

22 Fraunhofer
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Frelburg, December 12, 2012
Dear Mr Chedester
Quotation 1212508

IAF-Praject 385034
Developrment and Defivery of Low-fodise Amplifiers

Based on our enclosed »General Terms and Conditions {or Resaarch and Development contractad to fraunhofer
Gesellschaft zur Forderung der angewandten Forschung e V.« we are pleased to offer the following:

Pos. | Description Quantity |Unit price € Total price €
01 Lonae=floise Arnphifier LA, 1380 GHz 4 1,050,040 4, 200.00
4,200.00
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