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Abstract—In this paper, an ultra-wideband millimeter-wave
channel sounder is introduced. The channel sounder, consisting
of a Vector Network Analyzer and 1 km of fiber, can perform
high resolution channel sounding over long distances. A wired
response calibration is compared to an over-the-air calibration. It
is shown that the over-the-air calibration of the channel sounder
increases the dynamic range in the power-delay-profile by 14 dB
compared to the wired response calibration.
Index Terms—Channel sounder, propagation, millimeter-wave,
ultra-wideband, calibration.

I. I NTRODUCTION
An almost eightfold growth in the total mobile traffic data
is expected by 2023 [1]. This increase in mobile data usage
can be accommodated by using the large bandwidths available
in the millimeter-wave band [2], [3]. The potential use of
very high data rates in micro- and pico-cell scenarios requires
more detailed knowledge of the channel than is needed for
cellular communication below 6 GHz. Ultra-wideband (UWB)
channel sounding measurements are needed for the accurate
characterization of the wireless millimeter-wave channel.
There are various types of channel sounders, which can
be divided into time and frequency domain methods. Popular time domain millimeter-wave channel sounders are the
sliding correlator [4]–[6] and the wideband correlator [7],
[8]. The wideband correlator has a shorter measurement time
than the sliding correlator at the cost of a more expensive
analog-to-digital converter, enabling characterization of timevariant channels. No cable connection is required between the
transmitter and receiver of these channel sounders when high
stability clocks are used.
The most popular frequency domain channel sounder is the
Vector Network Analyzer (VNA) [9], [10], probably because
of its omnipresence in radio-frequency (RF) laboratories. Advantages are its large bandwidth capability and tight synchronization. Its disadvantages are a long sweep time, limiting the
VNA to time-invariant channel measurements, and the need
for a wired connection between the transmitter and receiver.
This wired connection limits the VNA in spatial measurement
range, especially at millimeter-wave frequencies, where the
cable losses are large compared to lower frequencies. This
can be partly overcome by using additional amplifiers [11].
Another method to extend the range of the VNA is to use a
low-loss optical fiber instead of a long coaxial cable. This has
already been demonstrated at frequencies below 6 GHz [12]

and at millimeter-wave frequencies, where intermediate frequency (IF) over fiber is used in combination with electrical
up- and down-conversion [13].
In this paper, an UWB millimeter-wave channel sounder
using a VNA in combination with millimeter-wave RF over
1 km of fiber is introduced, employing high bandwidth optical
components for direct RF-over-fiber range extension. The
frequency range of interest is 24.25-29.5 GHz, which covers
both the n257 (26.5-29.5 GHz) and n258 (24.25-27.5 GHz)
bands proposed by the 3rd Generation Partnership Project
(3GPP) [14].
The use of fiber optics and a large bandwidth poses some
challenges on the calibration of the channel sounder. The use
of fiber optics eliminates the possibility to do a full 2-port
calibration of the channel sounder, because the fiber optic
setup does not provide a reverse path for RF signals. The
large bandwidth, resulting in a high temporal resolution, makes
the power delay profile (PDP) more vulnerable to spurious
paths from double reflections inside the channel sounder.
In this paper, an over-the-air (OTA) calibration is proposed
as alternative to the conventional wired response calibration,
which is often used in channel sounding. It is shown that the
OTA calibration improves the dynamic range in the PDP by
14 dB for the extended range channel sounder.
This paper is organized as follows. In Section II, the
channel sounder architecture is discussed. The wired and OTA
calibration of the channel sounder are discussed in Section III.
The performance of these calibration methods is assessed in
Section IV. Finally, this paper is concluded in Section V.
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Fig. 1: Block diagram of the channel sounder with optical
range extension.
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Fig. 2: Power variation of wired response measurement over
time.

II. C HANNEL S OUNDER A RCHITECTURE
A block diagram of the channel sounder is depicted in
Fig. 1. A VNA is used as synchronized RF transmitter and
receiver. The transmitted signal is modulated onto an optical
carrier by a Mach-Zehnder modulator (MZM). An erbiumdoped fiber amplifier (EDFA) amplifies the signal before it is
transmitted over a 1 km single-mode fiber (SMF). The optical
power loss in this fiber is 0.2 dB/km. The optical signal is
converted back to the electrical domain by a photodiode (PD).
A medium-power amplifier (MPA) with 30 dB gain is used
to compensate for the conversion losses. Standard gain horn
(SGH) antennas with a gain of 18 dBi and a 3 dB beamwidth
of 15° are used at the wireless interface.
32001 equally spaced frequency points between 24.25 GHz
and 29.5 GHz are measured with the VNA, resulting in a
temporal resolution of 0.19 ns, a spatial resolution of 5.7 cm,
a maximum excess delay of 6.1 µs and an unambiguous free
space range of 1.8 km. An IF bandwidth of 1 kHz and no
averaging are used at the VNA, resulting in a maximum
measurable path loss of 150 dB.

A calibration is required in order to extract the wireless
channel from the measurement data, which also includes the
response of the channel sounder itself. A full 2-port calibration
of the complete channel sounder is not possible, because the
optical setup does not provide a reverse path for the RF signals
and the MPA requires a load. Alternative calibration methods
are a wired frequency response calibration and an OTA calibration. These alternative methods should be combined with a full
2-port calibration of the VNA itself to correct for systematic
errors inside the VNA. Thus all calibrations discussed in this
paper were preceded by a full 2-port calibration of the VNA
including the cables connected to it.
The response of the channel sounder should be stable before
it is calibrated. Fig. 2 shows the variation in power over time of
the wired response taken 90 min after the system was started.
The maximum variation in power over two hours is 0.6 dB.
This variation is caused by temperature changes, which lead
to a change in bias point of the MZM and thus its effective
transfer function. Using a thermoelectric controller (TEC) at
the MZM would greatly reduce this variation. However, a TEC
was not available during the measurements presented in this
paper.
The wired and OTA calibrations are discussed in the next
sections. These calibration methods are applied both to the
complete channel sounder and to the VNA as reference system.
A. Wired Calibration
Fig. 3a depicts the wired calibration setup of the VNA.
The full 2-port calibration, including a thru calibration with
a calibration standard is all that is required for the wired
calibration of the VNA. If done correctly, this calibration
method fully de-embeds the measurement system excluding
the antennas. If the antennas are not considered part of the
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Fig. 3: Block diagrams of the different calibration setups for wired and OTA calibrations with and without the optical range
extension.

or antenna. The antennas are not included in this calibration
method.
B. OTA Calibration
The OTA calibration is proposed here as alternative to
the wired response calibration. The transmit and receive antennas are placed in a free space or anechoic environment
pointing towards each other with their broadside directions
aligned. This calibration includes the broadside response of
the antennas and typically does not require the addition of
an attenuator, because the path loss often adds sufficient
attenuation. Reflections between the antennas or from the
environment can introduce errors in this calibration method
however. Also, misalignment of the antennas and separation
distance errors can introduce additional errors. Paths that are
not established via the broadside directions of the antennas
are underestimated with this calibration method. Rotating the
antennas and using digital signal processing (DSP) can correct
for this.
Block diagrams for the OTA calibration of the VNA and
channel sounder setups are depicted in Fig. 3c and Fig. 3d,
respectively. A picture of the OTA calibration of the channel
sounder is given in Fig. 4. This environment is not anechoic
or completely free space, but is regarded as sufficiently free
space for the calibration method comparison.
A reference distance R between the apertures of the antennas has to be chosen for the OTA calibration. For both
the VNA and channel sounder, the S21 -parameter should
be measured for this reference distance. This S21 -parameter
contains the response of the measurement setup, the broadside
response of the antennas, and the path loss and propagation
delay of the wireless reference channel, where the assumption

Fig. 4: OTA calibration setup of the channel sounder including
the VNA (1), Laser (2), MZM (3), EDFA (4), 1 km fiber (5),
PD (6), MPA (7), transmit SGH (8) and receive SGH (9).

channel, then double reflections inside the antennas can cause
spurious paths.
A schematic overview of the wired calibration of the channel sounder is shown in Fig. 3b. An attenuator (of which
a full S-parameter set is premeasured) is used to make the
connection between the transmitter and receiver. The first
step in this calibration is to obtain a full S-parameter set
of the channel sounder plus attenuator. Then the attenuator
is fully de-embedded by using the full S-parameter matrices
of the attenuator and the channel sounder plus attenuator.
The S21 -parameter of the de-embedded S-parameter set is the
response of the wired system and hence dividing a measured
S21 -parameter by this response results in a wired response
calibration. In case of this wired response calibration, spurious
paths can appear in measurement results due to a difference
in match at the reference plane of the calibration between
the cable that is connected to the MPA and the attenuator
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Fig. 5: Performance of the wired and OTA calibration methods for 2 m LOS measurements of the channel sounder and VNA.

is made that the path loss is equal to the free space path
loss (FSPL). This assumption is valid if reflections from the
environment (and a double reflection between the antennas) are
sufficiently small. The path loss and propagation delay should
be de-embedded from the reference. The FSPL as function of
frequency can be calculated as
2

4πRf
(1)
FSPL(f ) =
c

a reflection in the same cable due to a bend. The peaks at
8.8, 15.3 and 17.5 ns are bounces between the aperture of the
antenna and respectively, the input of the antenna itself, the
bend in the cable and the MPA. A threshold in the PDP is
defined 5 dB above the largest spurious peak, which results
in a dynamic range of 27 dB after a wired calibration of the
channel sounder.

where f is the frequency and c the speed of light. The
calculated values in (1) can become inaccurate for small
distances R, because the FSPL equation is valid in the far-field
for the distance between the phase centers of the antennas,
which is larger than the distance between the apertures in case
of the SGH antennas. The calculated FSPL can be corrected
by using the formulas in [15]. The FSPL correction for the
SGH antennas is ranging from 0.07 dB to 0.12 dB over the
frequency range 24.25-29.5 GHz for a distance R of 1 m. The
propagation delay can be compensated for in the frequency
domain by applying a frequency dependent phase shift. This
phase shift can be calculated as

A similar analysis can be performed for the OTA calibration.
A reference distance of 1 m is used. The main peaks have
a delay of 6.7 ns for both the VNA and channel sounder
measurements, which corresponds to the 2 m distance between
the antenna apertures. The measured path loss is -67.1 dB for
the VNA measurement and -67.0 dB for the channel sounder
measurement. The -67.1 dB measured by the VNA is equal
to the theoretical FSPL at the center frequency of 26.9 GHz.
The largest spurious peak of the OTA calibration that is visible
in Fig. 5 arrives at 14.1 ns with a magnitude of -115.4 dB.
This is the bounce between the transmit and receive antenna
in the 1 m reference measurement. Another spurious peak (not
shown in Fig. 5), with a magnitude of -113.3 dB occurs after
114.5 ns, which corresponds to a path length of 34.4 m. This
peak is probably due to a reflection from the environment.
This spurious path limits the dynamic range of the PDP to
41 dB for the OTA calibrated channel sounder, including a
margin of 5 dB. This is an improvement of 14 dB compared to
the wired calibration. Measuring the wireless reference over a
longer distance in a better anechoic or free space environment
has the potential of further increasing the dynamic range in
case of the OTA calibration.

2πRf
.
(2)
c
A measurement can be calibrated by dividing by the S21 parameter of the reference measurement, which is compensated by the corrected FSPL and propagation delay. This
calibration method fully de-embeds the measurement system
up to the apertures of the antennas. Spurious paths can occur
due to bounces between the antennas and reflections from the
environment in the reference measurement.
φ(f ) =

B. OTA Calibration

IV. C ALIBRATION M ETHODS P ERFORMANCE
The performance of the wired and OTA calibration methods
is assessed using a 2 m LOS measurement for both the VNA
and channel sounder. The first 30 ns of the corresponding
PDPs are depicted in Fig. 5. A Hanning window is applied
to all measurements.
A. Wired Calibration
The main peaks in case of the wired calibration arrive at
7.6 ns for both the VNA and channel sounder measurements,
which correspond to a free space path length of 2.3 m. This
is the 2 m distance between the apertures of the antennas
plus the length of the antennas. The magnitudes of these main
peaks are -31.6 dB and -30.8 dB for the VNA and channel
sounder measurements, respectively, which include the FSPL
and the antenna gain. The large difference in magnitude can
be explained by the conversion of the setup between the
VNA and channel sounder measurements, which increased the
variation in temperature and thus the variation in measured
power. The largest spurious path of the channel sounder occurs
after 16.4 ns with a magnitude of -63.3 dB and a delay of
8.8 ns with respect to the main peak. This delay corresponds
to a bounce between the MPA and transmit antenna over the
1 m cable connecting both (taking into account the velocity
factor of the cable). The spurious path at 14.3 ns is probably

V. C ONCLUSION
An UWB millimeter-wave channel sounder is presented in
this paper. A high performance VNA is combined with a 1 km
low loss optical extension, resulting in a channel sounder that
is capable of performing high resolution measurements over
long distances. It is shown that an OTA calibration is more
accurate than a wired response calibration in case of this
channel sounder, resulting in a 14 dB larger dynamic range
in the PDP.
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