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ABSTRACT

In the framework of HFE (High-Frequency Electronics)
programme, funded by SSF (Foundation for Strategic
Research), an activity on microelectronics for millimeter
wave applications has started. As a result from this work,
a broadband wireless 60 GHz transceiver demonstrator
for WLAN:s (Wireless Local Area Network) will be de-
veloped. It is therefore important to identify the relevant
technical limitations. Intermediate goals are to set up a
possible 60 GHz wireless communication model and to
study the influence of electronic MMIC (Monolithic Mi-
crowave Integrated Circuit) characteristics on the system
performance. In this paper, we analyze a possible set-up
to modulate and demodulate digital signals via a given
analog front-end transceiver.

We focus on a point-to-point link for the simulations.
Hardware circuits were designed using a commercial
0.15 P� *D$V� S+(07� WHFKQRORJ\�� $OO� FLUFXLW� FKDUDc-
teristics used in simulations were provided by Chalmers
University of Technology.

System limitations due to existing circuits in a
60 GHz WLAN using DQPSK/OFDM (Differential
Quadrature Phase Shift Keying / Orthogonal Frequency
Division Multiplexing) modulation are presented along
with the hardware parameters of the existing circuits. The
discussion makes a clear link between digital modulation
and the front-end transceiver design for required system
performance in a 60 GHz WLAN.

1. INTRODUCTION

During the past few years, the interest for the unlicensed
60 GHz band for wireless communication applications
has dramatically increased. One reason is the need for
increasingly higher data rates [1]. Also, this band –
roughly between 59 and 64 GHz – has the property of
being the atmospheric oxygen absorption band. In an
outdoor environment this means that signals are strongly
attenuated; about 15 dB/km in addition to the free space
loss. In indoor applications 60 GHz signals are also
severely attenuated by inner walls and human bodies.
These properties, and the fact that radiated output power
is limited to some tens of mW, lead to a good frequency

reuse factor.
At present, indoor point-to-multipoint communication

with a multiple access technique appears to be one of the
most interesting applications for commercial use. In a
simulation set-up, this can be described by a point-to-
point model including a multipath channel for the propa-
gation.

Performances of wireless communication systems are
strongly correlated with hardware specifications. Hard-
ware parameters of interest are amplifier linearity, output
power, noise figure, oscillator phase noise, and mixer
conversion loss. System parameters are BER (Bit Error
Rate), radio channel characteristics, signal bandwidth and
switching time for transceiver in case of TDD (Time Di-
vision Duplex).

Our emphasis is to investigate the system perform-
ance with respect to the characteristics of the mm-wave
MMIC:s. In particular, we investigate BER performance
for different PA (Power Amplifier) output power, differ-
ent PA linearity requirements, different LNA (Low Noise
Amplifier) noise figures and different VCO (Voltage
Controlled Oscillator) phase noise deviations.

2. ARCHITECTURE

2.1. General model

Figure 1 shows a general communication scheme. The
coding/decoding and modulation/demodulation are per-
formed in the digital part of the transceiver. The trans-
ceiver performs up-/down-conversion to/from the
60 GHz frequency band. Each block has a non-linear
transfer function, hence not easy to express in a mathe-
matical way. The multipath channel (air propagation) is a
time dispersive flat fading radio channel. The resulting
transfer function is the convolution of ht(t), hc(t), and
hr(t). However, in an OFDM system we like to express
the total transfer function in the frequency domain, since
the data is encoded in the frequency domain, see Eq. (1).
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Figure 1: General communication model.

2.2. Front-end transceiver and circuit properties

Table 1 presents the different hardware circuits for the
RF parts that have been designed and fabricated at the
Department of Microelectronics at Chalmers University
of Technology. The circuits are designed in a 0.15 µm
GaAs pHEMT technology [2].

Table 1.  GaAs pHEMT circuit characteristics
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LNA, 60 GHz 6 5 12 - -
IF Amplifier,
5GHz [3]

3 2.7 17 - -

Power Amplifier,
60GHz

6 5 12 - -

Mixer -7 7 - - 7
VCO, 7GHz - 7 - -80 -
Freq. multiplier [3] - - - - -
1 At 1dB compression point.
2This unit is dB relative to carrier, at a frequency sepa-
ration of 100 kHz.

Figure 2 shows the front-end structure of a transceiver as
it would appear if assembled with the available circuits,
and Figure 3 shows the front-end architecture for both
communication ends including the multipath channel for
propagation.

The frequency multipliers introduce harmonics of the
VCO central frequency, about 30 dB below the VCO
central frequency power. However, the mixer works as a
switch and the harmonics are therefore not propagated
through the mixer.

On the other hand, the VCO phase noise propagates
through the multipliers. The phase noise is spread by a
factor (4·2)2, thus the phase noise level at the input of the
mixer will be at least 10log[(4·2)2]=18 dB higher than the
VCO phase noise level.

Figure 2: Front-end transceiver structure and presently
available micro-electronics circuits [4] for the RF parts
in one communication end of the WLAN.
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Figure 3: Front-end architecture of the WLAN system.

2.3. DQPSK/OFDM Modulation

The bit stream is baseband modulated into a DQPSK
signal x(t) (Figure 1). The signal is then fed blockwise
into an Inverse FFT to design the OFDM pulses. Thus,
OFDM pulses contain a group of signals x(t), modulated
in the frequency domain and transferred to the time do-
main using an Inverse FFT. This means that each of the
signals in a block are included in one single OFDM
pulse, and characterized by a unique sub-channel fre-
quency. That is, each of the x(t) is carried by an inde-
pendent sub-channel.

To reduce ISI (InterSymbol Interference), a cyclic
prefix can be added to the OFDM pulses. The cyclic pre-
fix can also be used for pulse synchronization, which is
an important issue for the demodulation procedure. With
a cyclic pattern in each OFDM pulse to be demodulated,
the resulting signal y(t) is given by

)()()( fHtxty total⋅= (2)



2.4. Error control coding

To improve performance, redundancy can be added using
error control coding. Most error control coding schemes
use the diversity in time and frequency to provide effi-
cient error correction capabilities. Time diversity coding
implies usage of interleaving between OFDM pulses.
However, the coherence time of the channel at 60 GHz is
relatively long, this means that the interleaving between
OFDM pulses will require high-capacity buffers and
therefore introduce latency. On the other hand, diversity
in frequency is an interesting property to exploit to its
maximum. Indeed, the channel has a coherence band-
width of approximately 8 to 10 MHz. This coherence
bandwidth is a limit between flat fading channels and
frequency selective channels. Whilst flat fading channels
show the best results, the sub-channel bandwidth should
not exceed 10 MHz.

2.5. Differential encoding

In the described DQPSK/OFDM demodulation, we pre-
fer frequency differential encoding because the band-
width of a sub-channel is much smaller than the coher-
ence bandwidth previously described. Hence, we expect
that two neighboring sub-channels experience the same
disturbance through the wireless channel, and use the
phase reference of the first signal to demodulate the sec-
ond, and so on.

2.6. Channel

The channel at 60 GHz has a strong multipath behavior.
Typical RMS delay spread in office room is 18 to 20 ns
and excess delay spread for 30 dB attenuation is 70 ns
[5].

The Saleh-Valenzuela channel model, based on a
double Poisson process, is adapted to describe statisti-
cally the time of arrival and the complex values that de-
scribe the E-vector states of the rays after multi-path
propagation, i.e. reflection and fading [6]. The rays have
independent uniformly distributed phases and are as-
sumed to arrive in clusters. They also have independent
Rayleigh distributed amplitudes whose variances decay
exponentially with cluster and ray delay. The clusters and
the rays within a cluster form Poisson arrival processes
that have different but fixed rates [7]. Depending on the
type of antenna, the power delay profiles have different
properties. As the direction of arrival of the rays is cor-
related with the cluster, the rate of cluster arrival drops
dramatically when the antenna gains increase.

Channel multipath problems are usually solved by the
use of an equalizer or by increasing the symbol time.
OFDM uses FFT to obtain a signal constellation of high
dimension, thus increasing the symbol time. A cyclic

prefix can be utilized to make a simple equalizer in the
frequency domain.

3. SIMULATION RESULTS

The 60 GHz WLAN was simulated with a
DQPSK/OFDM signal (200 MHz bandwidth), following
the architecture described in Figure 3, and given the cir-
cuit characteristics from Table 1. A cyclic prefix of 20
baseband symbols was implemented, but neither error
control coding nor equalizer was applied. Raw BER per-
formances were obtained, as function of signal compres-
sion (peak clipping), VCO phase noise and SNR (Signal
to Noise Ratio).

Input signal compression yields clipped envelope
peaks which corresponds to non-linear amplification. The
consequence is higher BER. Figure 4 shows that -5.5 dB
of clipped peaks may be accepted for BER=10-3. Since
the envelope has a peak/average ratio of 10 dB or less, a
PA back off of 4.5 dB would be sufficient for error free
transmission (BER<10-3).
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Figure 4. BER versus signal compression.

Figure 5 shows the BER as function of VCO phase
noise. Phase noise can be described as a spectrum broad-
ening with a Gaussian shape. In the available VCO cir-
cuit, the spectrum level is -80 dBc @ 100 kHz, i.e. at
100 kHz separation from the carrier. At the mixer input
after the multipliers, this phase noise level is spread to
-62 dBc @ 100 kHz. At this level, BER=5·10-2. An im-
provement of the VCO phase noise to
-94 dBc @ 100 kHz or better is required for obtaining
error free transmission (BER<10-3).
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Figure 5. BER versus 7 GHz VCO phase noise. The
phase noise at mixer input is 18 dB higher.

Figure 6 shows the BER as function of SNR. The LNA
noise level and/or the transmitted output power are vari-
ables in SNR. The available circuit PA output power,
after 5 dB back off due to the peak/average ratio, is
7 dBm (5 mW). The available circuit LNA noise factor is
5 dB. An SNR=30 dB is required for a BER=10-3. In a
link budget calculation we assumed a base antenna gain
of 5 dBi (isotropic) and a terminal antenna gain of 20 dBi
(directed). With path loss, the allowed distance between
transmitter and receiver would be 10 m.
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Figure 6. BER versus SNR.

4. CONCLUSIONS

A BER of 10-3 and better is feasible with the available
MMIC:s. In a hardware implementation, further im-
provement of BER can also be made with the use of error
control coding and simple equalization with coherent
baseband modulation.

A signal envelope peak compression of -5.5 dB can be
accepted in a DQPSK/OFDM modulated signal.

Phase noise must be improved in the available VCO
circuit, from -80 dBc @ 100 kHz to at least
-94 dBc @ 100 kHz.

If the SNR could be improved with 3 dB, the maxi-
mum distance in the link budget would increase from
10 m to 14 m. This corresponds to a required PA output
power of 10 dBm (10 mW). An improved LNA noise
figure from 5 dB to 4 dB would give 11 m as the maxi-
mum distance.
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