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Abstract—More and more research groups are working on
experimental research of millimeter wave (mmWave) wireless
communications. Up to now, most mmWave measurements have
been carried out in static scenarios. However, as the Doppler
effect scales linearly with the carrier frequency, mmWave multi-
carrier transmission is prone to intercarrier interference caused
by Doppler shifts. Today, mmWave radio frequency chipsets
(mostly designed for IEEE 802.11ad) are not of as high quality
as their centimeter-wave counterparts. Especially the phase noise
performance and the noise figure are much worse. Using a testbed
with off-the-shelf transmit and receive modules, we show that,
depending on the subcarrier spacing, thermal noise or phase noise
is dominating the effects of Doppler shifts. Thus, care must be
taken in the designing phase of mmWave Doppler measurements.

I. INTRODUCTION

To meet the peak data rate demands of next generations
mobile communications, researchers propose to unlock the
underutilized spectrum in the millimeter wave (mmWave)
bands [1], [2]. In order to investigate the channel charac-
teristics in these frequency bands and, in the next step, to
evaluate the performance of different transmission modes [3],
experimental research relys on dedicated measurement equip-
ment and testbeds. For channel sounding type of measure-
ments the sounding equipment can either be a vector network
analyzer [4]-[6] or can be based on correlative or UWB
channel sounders [7]-[9]. Performance measurements require
more flexible setups that allow for experiments with arbitrary
signals. Thereby, existing general purpose testbeds are mainly
based on commercial baseband devices and external mixers to
enable a Software Defined Radio (SDR) approach [10]-[13].
Fewer research groups use measurement grade equipment such
as arbitrary waveform transmitters [14], [15] and high sample
rate receivers such as ADC cards or digital storage oscillo-
scopes. The latter approach allows for time and frequency
synchronization in hardware [16], so that the performance
of frequency offset compensation algorithms and frame start
detection algorithms do not impact the results obtained.

Experiments at high velocities

Now that the first measurement setups are available, some
research groups are pushing forward to high mobility scenarios
(see [17]-[21] for channel sounding concepts and experimental
setups and [22] for a general overview). Especially for upcom-
ing mmWave vehicular communications [23], measurements
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involving fast-fading channels will be present. Thereby, on the
one hand, time-variant channels cause channel interpolation
errors [24], [25], and on the other hand, when using multicar-
rier modulation schemes like Orthogonal Frequency Division
Multiplexing (OFDM) or Filter Bank Multi-Carrier modula-
tion [26], [27] Doppler shifts cause Inter-Carrier-Interference
(ICI). Thereby, the extent of ICI increases with velocity and
carrier frequency and decreases with subcarrier spacing [28]-
[30]. Thus, the subcarrier spacing is an important design
parameter of wireless communication systems for high mobil-
ity scenarios. Therefore, measurement setups for experiments
focusing on the impact of Doppler need to be designed such
that the ICI due to Doppler shifts dominates all other sources
of interference within the range of subcarrier spacings and
within the range of velocities under investigation.

Our Contribution

We show — based on our own mmWave testbed — that
for different subcarrier spacings, interference is dominated by
different noise sources. Doppler effects are only observable,
if the strength of the Doppler interference is above thermal
noise, phase noise, and quantization noise.

II. OUR MMWAVE TESTBED

The mmWave testbed in this work implements an SDR
approach [31], [32] that allows for transmissions of arbitrary
signals over a 60 GHz wireless link. Thereby, the transmit
signals are first pre-generated off-line and then transmitted
blockwise signal-by-signal over the wireless link. The received
signals are recorded for later off-line evaluation.

Figure 1 illustrates the testbed, that is built around an
off-the-shelf 60 GHz link consisting of a pair of a transmit
module and a receive module [33] allowing for transmissions
of arbitrary I/Q baseband signals with bandwidths of up to
1.8 GHz. The carrier frequency can be set in steps of approx-
imately 500 MHz within the range of 57 GHz to 64 GHz. At
the transmitter side, the I/Q baseband signals provided to the
transmitter module are generated by an Arbitrary Waveform
Generator (AWGQG) that plays back pre-generated waveforms
over up to four independent DAC channels with a sample rate
of 16 GSa/s. At the receiver side, the received 1/Q baseband
signals are sampled by an ADC board, capable of recording up
to four baseband signals with a sampling rate of 200 MSa/s.
The received samples are directly saved to a hard disk drive.
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Fig. 1. Setup and main parameters of the mmWave testbed built around an off-the-shelf 60 GHz link.

This approach allows to record signals in nearly real-time. The
maximum length of a single transmit signal is limited by the
AWG in the transmitter to 250 ms. The useable bandwidth is
limited by the sampling rate of the receiver ADCs to less than
200 MHz.

In this paper, we only consider perfectly synchronized back-
to-back measurements via a 60dB attenuator to exclude the
effects of a time-varying channel [34] and focus on the per-
formance of our hardware. To avoid nonlinearities, transmitter
and receiver are only operated in their linear range.
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Fig. 2. Spectrum of the multicarrier signal transmitted at 60 GHz. Interference
due to I/Q imbalance and carrier leakage is avoided by digital upconversion.

Interference due to I/Q imbalance and carrier leakage is
avoided by digital upconversion in the AWG. Thereby, we
transmit the Intermediate Frequency signal in the in-phase (I)
and its Hilbert transform in the quadrature-phase (Q). After
up-conversion, the resulting transmit signal at 60 GHz thus
contains, next to the leaked carrier and the transmit signal,
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also a signal image in the lower sideband (see Figure 2). In-
band reception of this residual out-of-band interference due
to transmitter I/Q imbalance is then avoided in the receiver
by using a local oscillator (LO) frequency different from
the LO frequency used in the transmitter. Consequently, after
reception, the in-phase and the Hilbert transformed quadrature
signals are added to reconstruct the transmitted signal without
losing Signal-to-Noise Ratio (SNR).

III. THERMAL NOISE

In this work we compare OFDM signals with different sub-
carrier spacings. We consider a constant total transmit power
Prx and a constant number of subcarriers Ny and therefore a
constant transmit power per subcarrier %. Furthermore, the
per-subcarrier power after the Fast Fourier Transform (FFT)
is independent of the subcarrier spacing Af when considering
a fixed sampling rate f; and a 1/Nppr = %f scaling in the

FFT of the received samples y [n]:

1 Nerr—1 ) X
VI =5— > ¢yl (1)
n=0

Using this scaling, the post-FFT noise power is not inde-
pendent of the subcarrier spacing. Considering additive white
noise with a power spectral density Ny, the total noise power
within the receiver bandwidth Brx=NprrAf calculates to
ar?:NoBRX. The per-subcarrier noise power after the FFT is
then given by

o2 = g r? _ r?
nsc — -
NFFT BRX

and scales linearly with the subcarrier spacing Af.

Af = NyAf )

IV. QUANTIZATION NOISE

Quantization noise limits the achievable Signal-to-
Interference Ratio (SIR) at the transmitter and at the receiver.
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Fig. 3. Impact of quantization noise on OFDM transmissions. The interference
increases with subcarrier spacing and the number of subcarriers.

We use 8-bit DACs at the transmitter and 16-bit quantization
at the receiver. At our testbed receiver, no automatic gain
control is applied; thereby the impact of quantization noise
is receive power dependent. Still, the transmitter is our
quantization noise limiting device.

Peak-to-Average Power Ratio

The SIR due to quantization noise generated in the transmit-
ter furthermore depends on the Peak-to-Average Power Ratio
(PAPR) of the transmit signals and the input-backoff [35] used.
Thereby, depending on the PAPR, the input-backoff trades off
between clipping and quantization noise. For passband OFDM
signals, the upper bound of the PAPR is given by the worst
case when all N subcarriers are being modulated with the
same data symbol:

PAPR 5 = 3.01dB + 10 - log,,(N,) dB. 3)

Thereby, the PAPR depends on the number of subcarriers
but is independent of the subcarrier spacing [36]. For N,=72
subcarriers, the maximum PAPR is approximately 21.5dB. In
Figure 3, the interference due to quantization is shown for two
different values of input-backoff. The maximum quantization
noise is obtained when clipping is completely avoided by
using a backoff that equals the maximum PAPR of 21.5dB.
Allowing for clipping by down-scaling the transmit signals
before the quantization to obtain an input backoff of 11.5dB
(as in [35]) yields a higher number of effective bits. The impact
of quantization noise on OFDM transmissions increases with
subcarrier spacing and the number of subcarriers.

V. PHASE NOISE

Phase noise affects OFDM transmissions in two ways.
On the one hand, every subcarrier generates ICI onto other
subcarriers. On the other hand, all subcarriers within one
OFDM symbol experience exactly the same common phase
error (CPE) that varies only over OFDM symbol time-index.
Thereby, the impact of the CPE on OFDM transmissions
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Fig. 4. Phase noise characteristic of our mmWave testbed obtained through
FFT analysis and by a spectrum analyzer. The interference due to phase noise
increases with increasing subcarrier spacing.

depends on the pattern of the reference symbols used for
channel estimation [37]. Considering reference symbols in
every OFDM symbol, the impact of the CPE can be completely
eliminated while the actual channel estimates are still disturbed
by ICI. Therefore, we limit the analysis of phase noise as
limiting factor on OFDM transmissions on the effect of ICI.
Thereby, we analyze the effect of phase noise induced by
the mmWave testbed on OFDM transmissions step-by-step.
We measured the phase noise characteristic by transmitting a
single carrier before we estimate the ICI-power for OFDM
transmissions by summation. Directly measuring the phase
noise performance was not possible for subcarrier spacings
larger than 1 MHz due to bandwidth and SNR limitations in
our testbed.

Phase noise characteristic

In order to measure the phase noise characteristic of the
mmWave testbed, we transmit a sine-wave at 60 GHz and
evaluate the response of the testbed at the output of the
receiver module. The thereby measured phase noise charac-
teristic comprises phase noise contributions by the AWG, the
reference oscillator, both 60 GHz modules and the receiver
ADCs. The results in terms of post-FFT power below carrier
are shown in Figure 4 where we compare the results obtained
through FFT analysis using different FFT-lengths to the result
of a phase noise measurement performed with a spectrum
analyzer'. Thereby, the result obtained with the spectrum an-
alyzer corresponds to an FFT-measurement using a subcarrier
spacing (resolution bandwidth) of 1Hz. The results O‘En ob-
tained through FFT analysis illustrate the effect of phase noise
on OFDM signals with different subcarrier spacings. Even
though the phase noise decreases with increasing frequency,
the interference power after the FFT increases with increasing
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Fig. 5. ICI due to phase noise for different numbers of subcarriers. The higher
the subcarrier spacing the less subcarriers contribute to the total ICIL.

subcarrier spacing. Thereby, a higher subcarrier spacing cor-
responds to a higher noise bandwidth. As long as the decay
of the phase noise characteristic is below 10dB/decade, the
interference generated on the next subcarrier increases with
increasing subcarrier spacing. For subcarrier spacings larger
than 480 kHz, the interference on the next subcarrier decreases
with increasing subcarrier spacing.

ICI due to phase noise

For the evaluation of the total interference power when
transmitting an OFDM signal with a certain number of sub-
carriers we use the afore obtained results of, and sum up
the interference from all subcarriers N involved. Thereby we
consider uncorrelated subcarriers and consider the worst case
by evaluating the interference on the central subcarrier:

N /2
Ofe1 =2 ) Ot (4)
n=1

The results for different numbers of subcarriers are shown
in Figure 5. Thereby, the number of subcarriers contributing
to the total ICI-power depends on the subcarrier spacing. The
higher the subcarrier spacing, the less subcarriers contribute to
the ICI-power and a saturation of the ICI-power is observed. In
the results shown in Figure 6 we fix the number of subcarriers
to Ny=72 and, in addition, consider the impact of white noise
(see (2)). While the ICI-power due to phase noise reaches
a maximum for a subcarrier spacing of approx. 60 kHz, the
impact of white noise increases with increasing subcarrier
spacing. Thereby, we observe a break-even point where the
impact of noise becomes stronger than the ICI due to phase
noise. Its position in terms of subcarrier spacing depends
on the value of the input backoff introduced in Section IV.
In order to cross-check the results obtained by summing up
interference, we compare them to the estimated Interference-
plus-Noise power when actually transmitting an OFDM signal
with Ng=72 subcarriers.
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Fig. 6. ICI due to phase noise for different subcarrier spacings. For small
subcarrier spacings interference due to phase noise dominates the receiver
noise while for large subcarrier spacings, receiver noise dominates.

VI. ICI DUE TO DOPPLER

For the well known Jakes’ Doppler spectrum the ICI can be
analytically evaluated [28]. Due to the lack of measurements
we evaluate this analytical expression at a carrier frequency of
60 GHz, various velocities, and various subcarrier spacings.

VII. D1SCUSSION AND CONCLUSION

Figure 7 shows the noise and interference sources within
our testbed:

@ Thermal Noise: While the power spectral density of the
thermal noise is fixed, its impact on OFDM transmissions
increases with subcarrier spacing for a constant number of
subcarriers. Being limited by thermal noise can be treated
by increasing the received signal power by an additional
power amplifier in the transmitter.

@ Phase Noise: The impact of phase noise depends on the
subcarrier spacing and the number of subcarriers used.
Unlike thermal noise, it scales with the actual signal
power in the transmitter and the receiver. A system
limited by phase noise can not be improved by amplifying
the transmit signal. Better, very costly, oscillators are
needed.

@ Quantization Noise: The impact of quantization noise in-
creases with increasing subcarrier spacing and increasing
number of subcarriers. In our setup, the contribution of
quantization noise to the overall interference is negligible.
Remember, our 8-bit DAC has an oversampling factor of
greater 80 and our ADC comes with 16-bit resolution.
However, in other setups, quantization noise may matter.

@ ICI due to Doppler: Assuming a Jakes’ Doppler spectrum,
the intercarrier interference is shown in Figure 7. As
lower border, we illustrate a pedestrian speed of 6 km/h.
As upper border, we choose the extreme example of
500km/h. Even at that speed, for subcarrier spacings
larger than 150kHz, the ICI is buried in noise.
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Fig. 7. Noise bounds in multicarrier mmWave Doppler measurements using the example of our specific testbed. For small subcarrier spacings, ICI due to
Doppler is noticeable, while for larger subcarrier spacings, phase noise and then receiver noise dominates. The impact of quantization noise is negligible.

We therefore conclude for different wireless communication
standards:

e LTE @ 60GHz: With a subcarrier spacing of 15kHz,
“LTE like” signals are prone to ICI due to Doppler. In
our specific setup, LTE signals [38], [39] are in the phase
noise limited regime. A post-FFT Signal-to-Interference-
plus-Noise Ratio (SINR) will never be larger than 18 dB.

e 5G mmWave: The work of [2] has proposed to use a
subcarrier spacing of 480kHz for mmWave broadband
systems. That proposal is limited by thermal and phase
noise within our testbed built with representative off-the-
shelf components. As above, the SINR will not be greater
than 18 dB due to phase noise.

e IEEE 802.11ad: The 60 GHz WLAN standard proposes
a subcarrier spacing of 5.15625 MHz. For this choice,
the testbed is in the thermal noise limited regime. As
mentioned above, the SINR can costly be improved by a
power amplifier at the transmitter. In testbeds with worse
DACs or ADCs, quantization noise could be already
almost as strong as phase noise.

Thus, not only thermal noise, but also phase noise and
quantization noise must be taken into account when choosing
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the subcarrier spacing in mmWave communications. In our
setup, ICI due to Doppler shifts is only observable, if the
subcarrier spacing is low enough.

On the contrary, when comparing measurements with theory
which only considers thermal noise, measurements need to be
performed in a region where thermal noise dominates all other
sources of interference. In previous measurements [40] that
were performed with the same testbed, we used a subcarrier
spacing of 500 kHz. Thereby, due to phase noise, a deviation
from theory was already visible for moderate values of SNR.
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