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Wireless multi-gigabit data transmission
using active MMIC components at 220 GHz

JOCHEN ANTES', DANIEL LOPEZ-DIAZ’, AXEL TESSMANN-, ARNULF LEUTHER”, HERMANN MASSLER’,
THOMAS ZWICK', OLIVER AMBACHER” AND INGMAR KALLFASS">

In this paper we present a wireless data link for multi-gigabit transmission in the mmW frequency range. The link is realized
using waveguide modules based on fully integrated 50 nm metamorphic high electron mobility transistor (mHEMT) transmit
and receive millimeter wave monolithic integrated circuits (MMICs) and provides transmission of data rates up to 12.5 Gbit/s
modulated on a 220 GHz carrier. The receiver input sensitivity is characterized down to values of —38.6 dBm and shows an
error rate of 3.0 X 10 °. Measurements using a coherent link setup show bit error rates better than 1.6 x 10 ° for a data rate
of 10 Gbit/s and a transmission distance of 2 m. For a distance of 20 m a real-time Digital Video Broadcasting — Satellite
(DVB-S) television transmission is realized. The signal quality after the wireless link is sufficient for a commercial DVB-S

receiver to display the television programs.
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. INTRODUCTION

Since the demand for high-speed data transmission has expo-
nentially grown over the last few decades and is still growing
rapidly, new solutions for high-speed data transmission
systems attract a great deal of interest. Due to the massive
spread of mobile media devices this growth develops with an
enormous speed in the resorts of mobile data services such as
high-quality multimedia streams, mobile high-definition
television, and mobile internet resulting in increased require-
ments for base station backhauling networks, especially in
terms of data rate. Multi-gigabit-class wireless links appear as
an attractive extension for fiber optical connections to
provide last mile access, radio backhauling, and bridging
optical networks over short distances in adverse terrain. To
achieve the required capacities and bandwidths, the efficiency
of existing wireless data links have to be enhanced by either
increasing the absolute bandwidth or by using increasingly
complex modulation techniques, such as multiple quadrature
amplitude modulation, which comes along with a huge
amount of baseband data processing and even more complex
requirements on the design of modulation circuits.

Wireless communication systems set up using millimeter-
wave (MMW) technologies are perfectly suitable for increas-
ing the data rate of such links, because the exploitable absolute
bandwidth increases with the carrier frequency. Therefore, we
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propose the use of frequencies in the 220-325 GHz band for
wireless access systems to overcome the bandwidth insuffi-
ciency. This frequency band is well suited for communication
and data transmission applications because of the high avail-
able bandwidth as well as the relatively low path losses due
to the atmospheric attenuation window. Communication
systems in this regime could handle data rates well in excess
of 12.5 Gbit/s, today’s limit of demonstrated wireless data
rates. In addition to the multi-Gbit data rate, the size of
such systems will reduce significantly with the use of milli-
meter wave monolithic integrated circuits (MMICs), leading
to more compact and more cost-effective systems. By
pushing the carrier to even higher frequencies even more
bandwidth is available, enough to equal the data rate of
40 Gbit/s in today’s optical communication systems.

Up to now, state-of-the-art wireless communication
systems in the high MMW frequency range between 200 and
300 GHz are realized by passive electronics, i.e. Schottky
diodes or by optical and opto-electrical systems. First exper-
iments at a carrier frequency of 300 GHz using sub-harmonic
Schottky mixers show promising results for the transmission of
high-data-rate digital video signals with data rates up to 96
Mbit/s [1]. The combination of optical and opto-electrical
systems together with a direct detection receiving scheme
allows data rates of up to 10 Gbit/s at frequencies of 120 [2, 3]
and 250 GHz [4]. As shown in [5] data rates up to
12.5 Gbit/s are transmitted at 300 GHz over a distance of
0.5 m. In lower-frequency regimes also MMIC-based
systems are reported.

In this paper, we present the characterization of MMIC
modules suitable for a wireless data transmission at a carrier
frequency of 220 GHz. The MMICs are fabricated in a
sonm gate length metamorphic high electron mobility
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transistor (MHEMT) technology with a f; and f,,,,, of 375 GHz
each [6] and packaged into split-block waveguide modules
allowing easy setup and handling. Using these components
we demonstrate wireless data transmission of pseudo-random
binary sequence (PRBS) signals at data rates up to 12.5 Gbit/s
over a transmission distance of 2 m as well as the transmission
of DVB-S real-time TV over a distance of 20 m.

The paper is outlined as follows: In Section II, the building
blocks as well as the MMIC components of the wireless link
are described. Subsequently, in Section III, the characteriz-
ation of the receiver sensitivity is shown. Section IV details
the transmission experiments using eye-diagram measure-
ments and bit error rate measurement using a bit error detec-
tor for a transmission distance of 2 m as well as the setup for
the 20 m real-time DVB-S TV transmission.

. MMIC-BASED TRANSMIT AND
RECEIVE FRONTEND

The wireless data link is set up using single-chip receiver
and transmitter solutions housed in split-block waveguide
modules. Both the receiver and transmitter chip use identical
frequency multiplication and conversion stages. The fre-
quency conversion is realized by a bi-directional resistive
mixer, whose local oscillator signal is provided via a frequency
doubler. A four-stage low-noise amplifier (LNA) at the input
of the receiver chip provides 20 dB of small-signal gain at the
RF path. In the transmitter, the same four-stage LNA is used
as post-amplifier to the mixers RF signal, providing a transmit
power up to o dBm. The used four-stage LNA was designed to
achieve high gain and large bandwidth in combination with
low noise figure. Therefore, a cascode configuration was uti-
lized. The chip performance and measurement results are
published in [7]. Figure 1 shows block diagrams and corre-
sponding chip photos of the receiver and transmitter
MMICs. Since the only difference in the circuit architecture
of the transmitter and the receiver is the mirrored LNA place-
ment, it is possible to carry out both MMICs with identical
chip size and interconnect interface at all ports. Moreover,
the frequency characteristics of the transmitter and receiver
are perfectly matched to each other, i.e. the mixer’s LO port
matching toward the frequency doubler as well as the
mixer’s bandwidth and conversion behavior is identical in
both modules. The former assures that both mixers work
with exactly the same LO power, the latter is important for
optimum data transmission characteristics in terms of data
and error rate. The MMICs are fabricated in a 50 nm
mHEMT technology with a f; and f,,,, of 375 GHz each [6].

Transmit

LO 4
110 GHz

doubler mixer

The circuits are realized using grounded coplanar trans-
mission lines with a ground-to-ground spacing of 14-pm
for optimal wave guidance paired with small chip size.

The MMICs are mounted into split-block waveguide
modules, which provide WR-10 (75-110 GHz) waveguide
interfaces for the LO ports, as well as WR-3 (220-325 GHz)
waveguides at the RF ports. The IF signal is routed via a
coaxial 50 () 1.85 mm connector to provide broadband
performance. Additionally, the chips’ DC-supply board is
included at the backside of the module, which generates all
the necessary voltages for the MMIC from a single 5V
supply. The gate and drain supply voltages of the MMIC’s
subcircuits can be controlled separately. The transmit and
receive modules’ performance together with first DVB-C
transmission experiments are published in [8].

. DATA LINK
CHARACTERIZATION

The described MMIC components are used to realize a wireless
data link capable of transmitting data rates up to 12.5 Gbit/s. To
investigate the potential as well as the maximum achievable data
rate for the frontend modules, the input sensitivity of the recei-
ver module is measured. A schematic of the link setup is shown
in Fig. 2. The LO-frequency for both modules is generated using
a single commercial W-band source module. This signal is split
via a magic-tee and fed to two in-house power amplifiers, deli-
vering the required power level of 11 dBm to drive the transmit-
ter’s and receiver’s sub-harmonic LO-ports. To provide coherent
up- and down-conversion a W-band phase shifter is included in
the transmitter’s LO path to adjust the LO phase. This is
required because both mixers are single-ended. A double-
sideband, zero-IF transmission with an incoherent LO signal
at the receiver with respect to the transmit-LO could results in
a defective IF signal or in the worst case even in IF signal can-
cellation. The baseband data signal at the transmitter is fed to
the IF port via a bias-tee with a lower cut-off frequency of
50 kHz and is up-converted to the RF frequency range around
220 GHz. The receiver’s down-converted IF signal is post-
amplified by two cascaded broadband amplifiers to meet the
input requirements of the measurement equipment. The ampli-
fier chain provides a gain of approximately 42 dB with a lower
cut-off frequency of 200 kHz.

The transmit and receive modules are connected using
WR-3 waveguide components. To control the receiver input
power, two WR-3 attenuators are installed in between these
waveguide components. The actual receiver input power for
each data rate and adjustment of the WR-3 attenuators is

mixer doubler

| Receive

RF
220 p LO
GHz 110 GHz

Fig. 1. Block diagram and chip photos of the single-chip transmit and receive MMICs with a frequency doubler which provides the 220 GHz LO signal for the
resistive mixer’s LO port. Additionally a four-stage LNA is placed at each mixer’s RF port. The chip size of each MMIC is 0.75 X 2 mm”.
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Fig. 2. Measurement setup for the characterization of the receiver module.

measured using a power meter with an attached diode detector.
Therefore, the measurement is limited to approximately
—39 dBm due to the minimum input power requirements by
the detector. An on-off-keyed PRBS with a length of 27 — 1
is used as a data signal for the transmit module. It is generated
using a bit pattern generator (BPG) with a tunable data rate
from 1 to 12.5 Gbit/s. At the receiver’s IF port a digital com-
munication analyzer is used to evaluate the quality of the trans-
mission by means of eye diagrams, a bit error rate tester
(BERT) is used to determine the errors introduced due to
the transmission. Since the input of the BERT is limited
to an input level between 0.5 and 2 V, the input level has to
be adjusted by using appropriate additional attenuation in
the IF path. To meet the BERT’s input requirements in terms
of maximum input amplitude, the attenuation between the
amplifier chain and the BERT input is changed. However,
higher attenuation results in a lower eye opening leading to
measurements closer at the edge of the BERT's input sensitivity.
Therefore changes at the BERTs input level result in slightly
different appearance of the eye diagrams as well as changes
in the measured sound to noise ratio (SNR) value.

At a data rate of 7.5 Gbit/s, a bit error rate better than
1.0 X 10 ' is obtained at a received power of —38.6 dBm.
Measurements at data rates of 10 and 12.5 Gbit/s at these
received power level show error rates of 3.4 x 10° '" and
3.0 X 10 °, respectively. Measurements with a higher attenu-
ation are performed but because of the power meter limitation
mentioned above the exact input power value cannot be
verified. The additional attenuation is approximately 3 dB
compared to the —38.6 dBm measurement. Figure 3 shows
the receiver sensitivity characteristics including the corre-
sponding eye diagrams at a data rate of 12.5 Gbit/s, Table 1
shows the result of each BER measurement.

V. TRANSMISSION EXPERIMENTS

To demonstrate the capability of the wireless link, exper-
iments for different transmission distances were performed.

https://doi.org/10.1017/51759078712000190 Published online by Cambridge University Press
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Fig. 3. BER characteristics of a 7.5, 10, and 12.5 Gbit/s OOK signal
transmission. The transmitter and receiver module are connected via
waveguides. The eye diagrams show the eye opening for a data rate of
12.5 Gbit/s.

Since the transmitter and receiver module are fed by the
same LO source due to the leg of a carrier recovery at
220 GHz, the modules have to be situated next to each
other. To perform transmission for distances above 50 cm,
the experiments are non line-of-sight. Therefore, the transmit-
ter and receiver modules were aligned with a metallic mirror
in such a way that the transmitted signal is inline with the
receiver, see Fig. 4. To simplify the alignment and to reduce

Table 1. Results of receiver sensitivity measurements for a pattern length

of 27 — 1.
Receiver input 7.5 Gbit/s 10 Gbit/s 12.5 Gbit/s
power (dBm)
—32.6 <1.0x10 ' 1.3 X 10 9.7 x 10 *°
—38.6 <1.0x10 ' 3.4 X 10 ' 3.0 X 10 °
<—40 1.3 X 10 " 5.0 X 10 " 6.0 X 10 °
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Fig. 4. Measurement setup of the wireless data link for non line-of-sight
characterization.

the path loss, we use high-density polyethylene (HDPE)
lenses producing a collimated beam.

A) Measurements for 2 m transmission
distance

For the first experiment, a transmission distance of 2 m is
chosen, thus the distance between the metallic mirror and
the transmitter and receiver unit is 1 m. In this experiment,
we use lenses that are optimized for a frequency of 325 GHz
with Zemax®, a commercial ray-tracing program normally
used in the optical domain. The lenses can also be used in
the frequency range around 220 GHz by adjusting the position
of the feeding horn antenna in the lenses focal points. The
diameter of the lenses is approximately 70 mm. The antenna
gain of the lenses—feed horn antenna combination, which is
integrated into one module, is approximately 25 dBi. The
transmit and receive modules with the attached lenses are
mounted onto a dovetailed rail for horizontal alignment.
The vertical alignment is realized by optical lense carriers
which allow a coarse adjustment using a fixing screw.
Figure 5 shows a photograph of the experiment setup

showing the Tx/Rx-mirror alignment as well as the LO
source and distribution. In order to determine the quality
of the data transmission, eye-diagram and bit error rate
measurements were performed. The results are shown in the
following sections.

1) EYE-DIAGRAM MEASUREMENTS

For the eye-diagram measurements an Anritsu MP1758A
BPG is used to provide a 2*'—1 word length PRBS that is
used as an input signal for the data link characterization.
The BPG can generate data rates up to 12.5 Gbit/s at four
independent channels. The output amplitude and offset for
the output signal can be adjusted separately for each
channel. The output amplitude of the BPG is adjusted in a
way that the corresponding input power at the transmitter
module is 3 dBm. The output signal of the receiver module
is fed to one of the input channels of an HP83480A Digital
Communication Analyzer combined with an HP54752A
two-channel 50 GHz module. The analyzer is triggered by
the BPGs trigger output to the 1/32 clock. A second output
from the BPG is directly fed to the analyzer for reference
purpose.

The resulting eye-diagrams for data rates of 7.5, 10.0, and
12.5 Gbit/s are shown in Figs. 6-8, respectively. The eye-
diagrams are analyzed in terms of the quality factor Q,
which is a measure of the vertical eye opening relative to the
noise at both the high- and low- logic levels. If Ppign/iou
describes the mean value of the measured high and low
levels and gm0, describes their standard deviations the

Fig. 6. Eye-diagram for a data rate of 7.5 Gbit/s with a g-factor of 3.55 over a
distance of 2 m.

Fig. 5. Photo of the experiment setup for 2 m data transmission showing the
LO generation and PAs as well as the Tx/Rx-mirror alignment.
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Fig. 7. Eye-diagram for a data rate of 10 Gbit/s with a Q-factor of 3.58 over a
distance of 2 m.
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Fig. 8. Eye-diagram for a data rate of 12.5 Gbit/s with a Q-factor of 3.59 over a
distance of 2 m.

Q-factor can be expressed as

_ Phigh — Pioyy (1)

Ohigh — Olow

The measured Q-factors of the 7.5, 10, and 12.5 Gbit/s data
transmission are 3.55, 3.58, and 3.59, respectively. The corre-
sponding eye heights, which is an important measure to deter-
mine the input sensitivity of following data processing stages,
are 37 mV for the 7.5 Gbit/s signal and 32 mV for both the
10 Gbit/s, and the 12.5 Gbit/s signal.

2) BIT ERROR RATE MEASUREMENTS

For the bit error rate measurements the BPG setup is equal to
that for the eye-diagram measurements. To evaluate the bit
errors introduced by the data link we use an Anritsu
MP1764A bit error detector, which is triggered by the BGP’s
trigger output. The BER is measured for data rates of 7.5
and 10 Gbit/s for a pattern length of 2"> — 1 as well as for a
pattern length of 23" — 1. The results are as follows: for a
pattern length of 2*> — 1 the bit error rates are 1.81 x 10 *°
for a data rate of 7.5 Gbit/s and 3.17 x10 *° for a data rate
of 10 Gbit/s. For the 2*' — 1 pattern the bit error rates are
6.56 x 10 '° and 1.60 x 10 °, respectively. Each bit error
rate measurement was performed for a time period of 30
min to get meaningful results. To assure that the measured
bit error rates are correct, additional bit errors can be intro-
duced at the BPG. If the error detector detects those manually
introduced errors one can assume that the measurement is
correct. Table 2 shows a summary of the measurement
results expressed in terms of BER, error count over the
measurement period and, corresponding to that, the error
free interval ratio. The error-intervals (EI) describe the
number of intervals containing one or more error pulses in
measurement time. The error-free intervals (EFI) ratio is the

Table 2. Results of bit error rate measurements for a transmission
distance of 2 m.

Bit rate  Patter length BER EC EFI (%) Q

(Gbit/s) 2 —1

7.5 15 1.81 x 107 *° 2449  99.8498  3.55
31 6.56 x 10 *° 8863  99.4779

10 15 3.17 x 10 *° 5708  99.6833 3.58
31 1.60 X 10 ° 28 608  98.4349
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ratio of the total number of intervals to the number of inter-
vals containing one or more error pulses in measurement
time. It is calculated from the number of EI with the following
equation:

EFI — number of measurement intervals — EI

- - 100%. (2)
number of measurement intervals

The table also shows the Q-factors calculated from the eye
diagram by the Digital Communication Analyzer introduced
in Section I. The reason for the increased error rate for the
longer pattern could be explained by bit errors introduced
by the lower cut-off frequency of the bias-tees and broadband
amplifiers. For long bit patterns there are very long sequences
of high or low values corresponding to a low frequency. The
influence of the PRBS length cannot be seen in the measured
Q-factors since the measurement period was so short that the
changes in the eye-diagram due to the increased high and low
sequences is small compared to the overall noise.

B) Measurements for 20 m transmission
distance

To achieve higher transmission distances a new pair of HDPE
aspherical plano-convex lenses is designed. These lenses are
optimized for a frequency range around 220 GHz. A simu-
lation with Zemax® predicts a gain of approximately 32 dBi
for the lenses in combination with a 15 dBi feed horn. Since
there are no measurements for the refraction index of
HDPE available at frequencies above 160 GHz, the index is
extrapolated from existing data. We assume a refraction
index of 1.5245 at 220 GHz. The diameter of the new lense
is 103 mm at a thickness of 15 mm, the focal point is
230 mm away from the center of the lense.

To build a more compact and easy to deploy setup, the LO
generation in this setup is realized using in-house broadband
MMIC multiplier modules by 12 [9]. The multiplier MMICs
are realized using a combination of balanced frequency
doublers and triplers. Especially the balanced design assures
a satisfying suppression of unwanted harmonics. Using this
multiplier we generate the 110 GHz signal for the receiver’s
LO input out of a 9.667 GHz input signal. To further reduce
the unwanted harmonics, we use a 105-115 GHz bandpass
filter behind each multiplier. This assures an undisturbed
LO signal for the transmit and receive components which is
essential for error-free data transmission. Since the output
power of the frequency multipliers is below that of the initially
used commercial W-band source module and additional
loss is introduced due to the band pass filters, we cannot
provide the necessary LO input power for the transmit and
receive modules to work in the optimal operating point.
Nevertheless the delivered 8-9 dBm is sufficient for the exper-
iment. To keep the coherent receiving scheme for the data
transmission we use a coaxial 3.5 mm power divider to split
up the signal into transmitter and receiver LO signal. Using
a coaxial 3.5 mm phase shifter the necessary phase difference
for coherent reception can be set. A schematic of the new LO
generation setup is shown in Fig. 9.

Additionally the mechanical setup for the modules has
changed. Now each module as well as the mirror is
mounted onto a tripod that allows rotating and tilting the
modules with the attached lenses into each direction by
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Fig. 9. Setup for a 20 m wireless data transmission of real-time DVB-S television received from a satellite dish. The transmitted signal is fed into a commercial
DVB-S receiver which displays the real-time television program. The 110 GHz LO generation for the wireless link is set up using in house MMIC multiplier

modules by 12.

micrometer screws. Due to this improved setup the alignment
of modules and mirror is much more accurate. Figure 10
shows the setup of the 20 m link with the described LO gen-
eration components. At the lower border one can also see
the tripod with the transmitter and receiver mounted as well
as the HDPE lenses. In the background, the metallic mirror
also mounted on a full adjustable tripod can be seen.

Using this new setup a data transmission of a DVS-S coded
real-time television program over a distance of 20 m was per-
formed. The television program is fetched by a satellite dish,
routed via a television signal meter, amplified, and fed into
the transmitter module. Normally the link between a satellite
dish and a DVB-S receiver is bi-directional. The receiver gets
the IF signal received by the LNB but feeds back control
signals to the LNB. A 14 or 18 V DC voltage set the receiving
mode to verticalor horizontal polarized reception. A 22 kHz
signal switches between high or low band reception. Since
the mmW wireless link is uni-directional we use a television
signal meter in front of the transmitter module to set the
necessary control signals manually. However, using this
setup only one channel band out of four can be received.
After transmitting the signal over a distance of 20 m the recei-
ver’s output signal is amplified by 23 dB and fed into a

Fig. 10. Photograph of a 20 m wireless data transmission. At the lower border
one can see the tripod with the transmitter and receiver mounted as well as the
HDPE lenses. In the background the metallic mirror also mounted on a full
adjustable tripod can be seen.
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Fig. 11. Real-time DVB-S television transmission over a distance of 20 m. The
received signal quality is sufficient for a commercial DVB-S receiver to display
the television program.

commercial DVB-S satellite receiver which is connected to a
common TV. The transmission quality is sufficient for the
TV to display all TV channels in one channel band in real
time without errors. Figure 9 also shows the setup for the
DVB-S transmission, a photograph is shown in Fig. 11.

V. CONCLUSION

We have demonstrated a coherent wireless data transmission
using active, fully integrated MMIC modules at a carrier fre-
quency of 220 GHz. The input sensitivity characterization of
the receiver module shows an error rate of 3.0 x 10 ° for a
receiver input power of —38.6dBm and a data rate of
12.5 Gbit/s. Also the results of transmission measurements
for distances of 2 and 20 m are very promising. Bit error
rate measurements show performance better than 1.6 X
10" ? for 10 Gbit/s signal transmitted over 2 m. Experiments
using a real-time DVB-S television signal provided via a
satellite dish show that a wireless transmission over a distance
of 20 m using fully integrated MMIC:s is feasible. The received
signal quality is sufficient for a commercial DVB-S receiver to
display live-TV on a television. In the future, this technology
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platform can provide new solutions for broadband last-mile
connections and opens up a way toward a new range of wire-
less applications.
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