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A Switched Array Sounder for Dynamic
Millimeter-Wave Channel Characterization: Design,

Implementation and Measurements
Xuesong Cai, Senior Member, IEEE, Erik L. Bengtsson,

Ove Edfors, Senior Member, IEEE, and Fredrik Tufvesson, Fellow, IEEE

Abstract—A prerequisite for the design and evaluation of wire-
less systems is the understanding of propagation channels. While
abundant propagation knowledge exists for bands below 6 GHz,
the same is not true for millimeter-wave frequencies. In this
paper, we present the design, implementation and measurement-
based verification of a re-configurable 27.5-29.5 GHz channel
sounder. Based on the switched array principle, our design is
capable of characterizing 128×256 dynamic double-directional
dual-polarized channels with snapshot times of around 600
ms. This is in sharp contrast to measurement times on the
order of tens-of-minutes of sounders by rotating horn antennas.
The antenna arrays at both link ends are calibrated in an
anechoic chamber with high angular sampling intervals of 3◦ in
azimuth and elevation domains, which enables de-embedding the
system responses of the sounder from the propagation channels.
This is complemented with a bandwidth of up to 2 GHz, i.e.,
nanosecond-level delay resolution. The short measurement times
and stable radio frequency design facilitate real-time processing
of the received wavefronts to enhance measurement dynamic
range. After disclosing the sounder design and implementation,
we demonstrate its capabilities by presenting a measurement
campaign at 28 GHz in an indoor lab environment.

Index Terms—Channel sounder design, dynamic channels,
mmWave, propagation measurements, switched arrays, parame-
ter estimation.

I. INTRODUCTION

The explosive growth of mobile data rates and the number of
connected devices is motivating the use of spectrum previously
unused for cellular communications [3–5]. As a result, fre-
quency bands close to the millimeter-wave (mmWave) regime
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from 24.5-29.5 GHz have received considerable attention [4–
6].1 Spectrum in the 24-28 GHz band has been auctioned in the
United States by the Federal Communications Commission,
triggering rapid research and developments activities [7]. Other
countries in North America, Europe, Asia and Oceania are
following the same path. The Third Generation Partnership
Project (3GPP) has also integrated mmWave frequencies into
Release 15 and onward standardization of fifth-generation
(5G) systems [8, 9]. Nevertheless, mmWave suffers from high
omnidirectional free-space attenuation. Massive multiple-input
multiple-output (MIMO) has thus been identified as an im-
portant technology in 5G and beyond, where beamforming is
exploited to compensate severe power loss associated with the
smaller antenna aperture for a satisfactory link signal-to-noise
ratio (SNR) [10]. Meanwhile, beam management, including
accurate and fast beam tracking, beam failure recovery, etc.,
is essential for communications with mobility [11]. Different
polarizations are also utilized [10]. Therefore, for efficient
design, performance assessment and deployment planning of
mmWave systems, an in-depth understanding of how the
mmWave channels behave and evolve in parameter domains of
power, delay, Doppler frequency, double directions, dual po-
larizations, etc. is crucial. Examples efforts include IEEE stan-
dardization projects P1944 [12] and P2982 [13] for mmWave
channel measurements and channel modeling. Given a com-
mon environment, mmWave channels behave differently from
frequencies below 6 GHz [6]. Real-time mmWave channel
measurement campaigns are indispensable for establishing
realistic wideband dynamic double-directional dual-polarized
models that capture the physics of the involved propagation
processes.

To achieve this, a channel sounder needs to be designed.
The fundamental principle of a channel sounder is to inject
a known waveform into the channel, so that suitable signal
processing is able to de-convolve the transmitted waveform
out of the received signal, in turn acquiring the propagation
channels. Steady progress is seen in the literature on channel
sounder design at mmWave frequencies. Nevertheless, major-
ity of the existing directional sounding setups are for indoor
environments and are based on vector network analyzers
(VNAs), which use slow chirp and/or frequency scanning,

1Following the conventional terminology in the related literature, we denote
the frequencies 24.5-29.5 GHz as mmWave frequencies, even though, strictly
speaking, they are below the “true" mmWave band which spans 30-300 GHz
(see e.g., [6] and references therein).
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combined with virtual arrays (mechanical movement of a sin-
gle element or a set of antennas along a track). Such sounders
struggle to capture dynamic environments and require a cabled
connection between the transmitter and receiver limiting their
separation distance [14–19], although optical fiber can help
extend the cable length [20, 21]. For outdoor scenarios, the
prevalent method for directionally resolved measurements is
based on mechanically rotating horn antennas and measuring
the channel impulse response for a fixed pair of transmit and
receive orientations [4, 22–27]. There are two major limitations
of such an approach: First is the non-coherent nature of the
measurements, such that the obtained angular resolution is
limited by the half-power beamwidth (HPBW) of the horn
element. As a result, multipath components (MPCs) arriving
from different directions may fall into the antenna beamwidth,
yet appear as a single component. Thus, it has been difficult
to predict the precise number of contributing MPCs in a given
propagation environment and the fundamental question on
mmWave channels being sparse (in the sense of having small
number of MPCs) remains unanswered. Secondly, mechanical
rotation of the horn element typically requires measurement
run times on the order of tens-of-minutes or an hour to
cycle through all antenna orientations along the azimuth and
elevation domains (with a reasonable granularity, for a given
snapshot at a particular location).

To overcome these limitations, several other systems have
been reported in the mmWave propagation literature. For
instance, the authors in [26] present a continuous-wave-based
narrowband sounder operating at 28 GHz, feeding 22 dBm
of transmit power into a 10 dBi horn antenna. The receiver
comprises of a 24 dBi horn antenna mounted on a rotating
platform which allows for a full 360◦ scan across the azimuth
plane in 200 ms with 1◦ angular sampling. While this consid-
erably reduces the measurement time, the single element at the
transmitter limits the ability to measure truly dynamic, direc-
tional channels. Alternatively, the system presented in [28, 29]
is one of the earliest to consider the possibility of measuring
dynamic mmWave multiple-input multiple-output (MIMO)
channels. The designed system can facilitate measurements
across multiple frequency bands with a variable bandwidth of
3.5 GHz or more, and utilizes dual-polarized horn antennas at
both transmit and receive link ends. Examples of the power
azimuth and elevation spectra at 60 GHz are presented in [28].
Nevertheless, having dual-polarized horn antennas hugely con-
strains the total field-of-view of the transmitter and receiver.
The authors in [30, 31] have proposed a sounder based on
an array of directional horn antennas combined with fast
switching at the receiver with a single transmit antenna. On
the other hand, studies in [32, 33] present a multi-band MIMO
channel sounder operating at 30 GHz, 60 GHz and 90 GHz
with 8×8 and 2×2 antenna arrays, respectively. The MIMO
operation is realized by employing switches at the intermediate
frequency (IF) along with parallel frequency conversions.
Nonetheless, the output transmit powers are limited to 16 dBm
at 30 GHz, 7 dBm at 60 GHz and 4 dBm at 90 GHz, greatly
reducing the dynamic range of the sounder. The authors in
[34] present a sounder with 4 transmit antennas multiplexed
with a single pole four throw (SP4T) switch and 4 receive

antennas with 4 parallel down-conversion chains. Similar to
[32], the transmit power is limited to 24 dBm. Collectively, the
majority of the aforementioned works use the switched array
principle. However, the MIMO order, i.e., the angle resolution,
is limited, not being able to fully complement the delay res-
olution on offer. Furthermore, for dynamic environments, the
vast majority of the reported measurements either investigate
the angular characteristics without considering the temporal
behavior of parameters, or focus on the temporal behavior
without considering the angular characteristics - see e.g., [35,
36]. To the best of our knowledge, the sounder presented in
[37] is the most complete thus far in terms of characterizing
the amplitude, delay, angular and Doppler properties of the
mmWave channel in dynamic outdoor scenarios. The system is
based on the concept of a phased array and performs fast beam
switching/steering (on the order of 2 µs) in both the azimuth
and elevation domains with 8×2 arrays at the transmitter and
receiver. However, this setup is restricted to measure over 90◦

sectors in azimuth and elevation, limiting the overall sounding
field-of-view and hence MPC determination. Furthermore, in
order to maintain the phase coherency across multiple radio-
frequency (RF) down/up-conversion chains, the operational
bandwidth was constrained to 400 MHz, which directly limits
the delay resolution. The angular resolution is also restricted
by the size of the arrays used at both ends with the active
radiation patterns in [37].

To summarize, the inability to simultaneously obtain high-
resolution dynamic characteristics and polarimetric bidirec-
tional characteristics of mmWave channels is a serious defect
of the existing mmWave channel sounders. To fill the research
gap, we have developed a novel mmWave channel sounder in
this paper. The contributions of the paper can be summarized
as follows:

• We present the design, implementation and verification
of a re-configurable switched array channel sounder op-
erating at 27.5-29.5 GHz, capable of measuring 128×256
dynamic double-directional dual-polarized channels in
around 600 ms. The highly stable RF design enables
efficient field-programmable-gate-array (FPGA) imple-
mentation to carry out complex real-time averaging of
multiple received waveforms, increasing the measurement
SNR. The significant array gain obtained in the post-
processing further enhances the dynamic range. Relative
to state-of-the-art systems, the design provides superior
angular resolution and is complimented with a nanosec-
ond delay resolution. As such, the design presents an
opportunity to jointly estimate and track the MPC param-
eters. Moreover, an overall field-of-view of around 180◦

at the transmitter and 360◦ at the receiver is achieved,
enabling the detection of MPCs from a wide angular
range.

• The active antenna radiation patterns at the transmit
and receive arrays with the cascaded switching networks
and interconnects are calibrated with a dense angular
sampling of 3◦ in both the azimuth and elevation do-
mains, over a 3 GHz band from 27-30 GHz with 10 MHz
frequency steps. The granularity in angular sampling is
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superior by an order-of-magnitude relative to most other
systems and is considered to be extremely difficult and
time consuming. The successful calibration is essential
to de-embed the antenna patterns from the propagation
channels, e.g., utilizing high-resolution channel parameter
estimation algorithms.

• We present a sample propagation channel measurement at
28 GHz with a 768 MHz effective bandwidth in an indoor
laboratory scenario. We extract the channel parameters of
MPCs observed along the measurement trajectory using
a high-resolution algorithm. The evolution of the MPCs
in different parameter domains shows good consistency
to the geometry of the propagation scenario, which gives
confidence to the measured results.

The rest of the paper is organized as follows. Sect. II
elaborates on the channel sounder design and implementation.
Sect. III discusses the post-processing aspects mainly for high-
resolution parameter estimation from measurement data. An
indoor measurement campaign and the corresponding data-
processing results are presented in Sect. IV. Finally, conclusive
remarks are included in Sect. V.

II. CHANNEL SOUNDER DESIGN AND IMPLEMENTATION

The general principle is as follows: A known waveform
is generated at baseband and up-converted to the carrier fre-
quency of interest, followed by amplification and transmission.
On the receive side, the waveform is down-converted, sampled
and stored for processing. The channel impulse response is
extracted from the received signal envelope relative to the
known waveform that was transmitted. In order to capture
the directional characteristics, channel impulse responses of
antenna combinations from the transmitter to the receiver are
measured.

A. Sounding Waveform Design

Sounding waveforms are usually designed in accordance
with the sounder type. They range from standard pulse trains
[38, 39], pseudo noise sequences [40, 41], chirp signals [42,
43], or multitone sequences [14, 44]. In our design, two
options for generating the baseband sounding waveform are
implemented. The first option is to exploit the Zadoff-Chu (ZC)
sequence. ZC sequences have ideal correlation properties in
both time and frequency domains, and are thus well suited for
channel sounding. In contrast to other waveforms, they are also
easily scalable across both time and frequency domains. To
obtain the complex samples of the waveform, a ZC sequence
of a certain length is generated, pulse-shaped using, e.g.,
a root-raised-cosine filter with a roll-off factor of α, and
up-sampled with an oversampling rate of β. The effective
(nonzero-power) bandwidth of the transmitted waveform is
jointly determined by α, β and the transmission rate r of
the complex samples as r(1+α)

β and thus is reconfigurable.
Note that the oversampling rate β should be non less than
(1 + α) to avoid aliasing. Naturally, wider signal bandwidths
lead to higher delay resolutions, while the total duration of the
sounding waveform is designed keeping in mind the largest
possible delay of effective/observable MPCs. For example,
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Fig. 1. Normalized quadrature magnitude of the multi-tone waveform in dB
as a function of time with a PAPR of 0.349 dB.

complex samples of a length-2047 ZC sequence with α = 0
and β = 1 and transmitted with a complex rate of 768 MHz
lead to an effective bandwidth of 768 MHz, and are suitable for
channels where the propagation delays of all effective MPCs
are less than 2.7µs, i.e., 2047

768 µs.
In line with the setups in [30, 37, 44], a multi-tone base-

band sounding waveform can also be implemented at the
transmitter’s host interface as a second option. Denoted by
x(t), the sounding waveform can be written as x(t) =∑N

n=−N e j(2πn∆ft+θn). The total number of tones are given
by 2N + 1, while ∆f denotes the tone spacing, and θn is the
complex phase of the n-th tone. Following the methodology
presented in [37, 45], the values of θn are designed to optimize
the peak-to-average-power ratio (PAPR) of x(t) for power
efficient signaling to maximize the forward link SNR. Fig. 1
depicts the normalized quadrature magnitude of x(t) with
2000 tones, which is seen to have a PAPR within 0.35 dB.
The low PAPR is beneficial to transmit with power as close as
possible to the 1 dB compression point of the transmit power
amplifier (PA). The effective bandwidth is similarly related to
the oversampling rate of the time-domain complex samples
and the transmission rate.

In addition, for greater robustness against measurement
noise, multiple ZC waveforms or multi-tone waveforms are
transmitted in real-time. At the receiver, the multiple received
replicas are averaged and correlated with the transmitted wave-
form. We present further details of this in the subsection that
follows. The above length-2047 ZC sequence with 768 MHz
effective bandwidth is used for demonstrations throughout the
paper.

B. Sounding Frame Structure

As it will be described in greater detail later in the paper,
the sounder is designed with a 128 element uniform planar
array (UPA) at the transmitter and a 256 element cylindrical
array at the receiver supporting dual polarization. Both arrays
are equipped with integrated RF switches to switch through
each antenna combination from the transmitter to the receiver.
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Fig. 3. The cascaded switching topology divided into a switch board feeding up to 8 antenna panel boards each with 16 dual-polarized antenna elements.
This enables control of 256 elements. The same architecture is used for the 128 element array with 4 antenna panels instead of 8.

According to the switched array principle, both link ends
are equipped with a single RF up/down-conversion chain.
From each transmit antenna, the frame structure is built up
from multiple repeated ZC sequences, followed by a guard
period for settling the RF switches after activation. The guard
duration of the RF switches is aligned with the 99% settling
time of 100 ns for most commercial RF switches operating up
to 44 GHz [46]. The number of ZC sequences transmitted from
each antenna is re-configurable, and is a design parameter to
strike the right balance between the total time taken to measure
one antenna combination and robustness against measurement
noise. In addition, the first and the last ZC sequence in each
frame are added as guard sequences in case there are drifts
from the clock source (CLK) which could cause the receiver
to be out of synchronization from the transmitter (especially
for calibrated CLKs used independently at both link ends).
The second ZC sequence of the frame is used by the receiver
as a margin because there are propagation delays and the
received signal at the beginning of this frame can be from the
previously activated transmit element. The remaining arbitrary
number of core ZC sequences are used for real-time averaging.
Since each ZC sequence is of duration 2.7 µs, the total frame
duration with four ZC sequences for real-time averaging is
given by 18.8 µs. To this end, with 128 transmit and 256
receive antennas, 32768 channel combinations yield a MIMO
snapshot that can be measured in around 600 ms. Naturally,
a lower number of core ZC sequences used for real-time
acquisition reduces the duration of the MIMO snapshot. In
the general case, the frame structure for any transmit-receive
antenna combination with the number of core ZC acquisitions
set to M is depicted in Fig. 2.

C. Transmit and Receive Architectures

We now present details on the designed antenna arrays and
switching architecture, non-sequential switching, antenna array
calibration, transmit and receive hardware, and real-time host
as well as FPGA software implementation aspects. In order to
maximize clarity, we distribute the aforementioned items into
the different subsections below.

1) Antenna Arrays and Switching Architecture: In the lit-
erature, architectures based on switched arrays can be classi-
fied into switched beam architectures (SBA), switched horn
antenna arrays (SHA), and switched patch arrays (SPA),
respectively [4, 22–37, 47–50]. The major difference between
these approaches relates to the achievable dynamic range and
scalability of the design. The SBA achieves high gain by
coherently combining signals from multiple elements, while
the SHA achieves large array gains leveraging the horn antenna
directivity. In contrast, the SPA digitizes the channel impulse
response measured at each antenna to achieve array gain in
the digital domain via further post-processing. For the SBA, a
critical part of the circuit design is the phase-shifting network.
Using standard complementary metal oxide semiconductor or
gallium arsenide technology, an insertion loss on the order of
10 dB is expected with a moderate switching rate of 1 µs
[51]. Thus, to fully exploit the array gain and overcome the
insertion loss of the network, an amplifier (low-noise at the
receiver or high power at the transmitter) between the element
and the phase shifter is needed. This has a significant impact
on power consumption, implementation complexity and cost
when the number of elements are increased. Moreover, there is
a fundamental practical limit to the beam switching rate, which
should be fast enough for a small overall channel acquisition
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time. The main limitation of SHA relates to cost, mechanical
complexity and size, since each well designed horn element is
expensive and needs to be arranged mechanically to cover a
unique angle (see e.g., the array known as “Porcupine" used in
[52], which is about 0.5 m in diameter). Different from SBA
and SHA, the SPA design has the ability to utilize the recent
advances in RF switching technology, significantly reducing
the net insertion loss to less than 2 dB for a single switch
with a switching rate on the order of 100 ns at mmWave
frequencies [46]. This has opened up the prospects for massive
SPA designs, such as the one presented as follows, offering the
best trade-off solution in terms of implementation complexity,
cost and performance.

Specifically, the antenna arrays employed at both the trans-
mit and receive ends are composed of dual-polarized patch
elements, and are interfaced with a quadruple-cascaded RF
switching network. The switching circuitry needed to facilitate
the design of the transmit/receive arrays is based on custom
made 28 GHz SP4T switches donated by Sony Semiconductor
Solutions. On average, the switches can sink 32 dBm and
have a net insertion loss on the order of 1.5 dB - well
exceeding the design specifications of commonly available
commercial RF switches in the public domain. In general, the
switching architecture enables control of up to 256 elements,
and its design is divided into two parts: The first half is
located on a dedicated switch board that carries two levels of
cascaded switches and distributes the input signal to 16 coaxial
connectors. The switch board is interfaced with the second half
of the switching network, which is located at the backplane
of individual antenna element panels (referred to as panel
boards later in the text), where each panel has two coaxial
inputs that are switched out to 32 antenna feeds compiled in a
4×4 UPA supporting two polarizations. For the 256 element
receive array, there are eight such panels in an octagon, while
for the 128 element transmit UPA, there are four panels in a
rectangle. The overall cascaded switching topology supporting
a maximum of 256 elements is shown in Fig. 3.

Both the switch board and antenna panel boards are de-
signed with six-layer printed circuit board (PCB) technology
based on Rogers RO4450B substrate with optimized loss
tangent (tan(δ̃) = 0.004), dielectric constant (ϵr = 3.54±0.05),
and above average thermal conductivity (0.6 - 0.8). The six
layers of the PCB span 1020 µm of thickness in total. The
process supports stacked vias through all six layers.2 This
enables a more compact layout with low insertion losses and
has facilitated half of the switching circuitry to be at the
back of the panels next to the feed of the patch elements.
The front and backplanes of a single 32 element UPA panel
are depicted in the left-hand side of Fig. 4. Note that the
corrugation structure (horizontal stripes marked with the letter
“B") is visible on the front view of the antenna panel above
and below the patch elements. This was introduced to prevent
surface currents from distorting the antenna radiation patterns
and to minimize general energy spillover. However, due to
manufacturing processing limitations, the required grounding

2We note that stacked vias enable signal paths to go through arbitrary layers
of a PCB without introducing sidewise offsets.

Fig. 4. Left-hand side: Fabricated 4×4 dual-polarized UPA panel with
integrated switching. The rear part of the array containing the switching
topology is demonstrated in the top half of the figure, while the bottom half
contains the front of the array panel with the three-layered element design
and corrugation structure for surface current minimization. Right-hand side:
Switchboard with two layers of cascaded SP4T switches, coaxial connectors
for input and 16 outputs with a control interface.

Fig. 5. Left-hand side: 128 element UPA for the transmitter; Right-hand side:
256 element octagonal array for the receiver. Both arrays contain the discussed
integrated switches and control distribution networks.

associated with the corrugation structure could not be sup-
ported from a mechanical strength perspective. Instead, a layer
of absorbing material (carbon induced rubber) was added,
which will be visible later.

Each patch antenna seen on the left-hand side of Fig. 4
is designed as a coupled parasitic resonator, where the feed
to the element is connected through stacked vias to the
switch outputs (shown with a square with marker “A") at the
panel backplane. The elements are designed in a three-layered
structure: The lowest layer is the ground plane; the second
layer elevated to 100 µm is a dual-feed coupling element; and
the top layer at 300 µm, is the radiator. The coupling element
in combination with the radiator generates two closely spaced
resonances that are tuned to achieve a bandwidth that covers
the desired measurement frequencies. We note that each
element has been designed to deliver a HPBW in the azimuth
of 85◦ and elevation of 50◦. These are retained across both
vertical and horizontal polarizations. In Sect. II-C3, we present
details of antenna radiation pattern characterization and con-
firm the aforementioned HPBW values via measurements. For
stable RF design, each element’s associated port is isolated by
20 dB with a -10 dB return loss over 26-30 GHz. The total
insertion loss from the RF interconnects, cabling and switches
is approximately 15 dB for each antenna. Each switchboard
interface includes the first two layers of the switch cascade,
and is equipped with a coaxial connector for feeding 16 coaxial
connectors for signal distribution to the respective panels. This
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is demonstrated on the right-hand side of Fig. 4. Using both
the panel and switch boards, the transmit and receive arrays
are shown in Fig. 5. As mentioned earlier, the corrugation
structure on the panel boards of both arrays is overlaid with
absorbing material (black) to minimize surface currents and
leakage. On the receive array, this is marked by “1" on Fig. 5.
The RF cable to/from the receive array is marked with “2". The
22-pol 8-bit transistor-transistor logic (TTL) control (cable)
for antenna switching (maximum 256 states) is marked by
“3", while the copper shielding for isolating the active control
components suppressing unwanted radiation is shown with “4"
on the receive array. The same trends can be observed for the
transmit array with the exception of the shielding behind the
array due to the location of the control blocks. Both arrays are
further filled with absorbing material to avoid the creation of
a cavity with resonances potentially leaking out.

2) Non-sequential Antenna Switching: As the aim of em-
ploying antenna arrays is to accurately extract the double-
directional dual-polarized propagation parameters in dynamic
scenarios, it is in general necessary to ensure that the MIMO
cycle rate - the inverse of the duration between two adjacent
snapshots should be greater than or equal to two times the
maximum absolute Doppler shift, in order to avoid ambiguities
in Doppler frequency estimation of MPCs. In a switched
sounder, since the MIMO snapshot duration increases with
the number of antenna combinations, there is an inherent
conflict between the desired accuracy of the angle-of-arrival
(AOA) and angle-of-departure (AOD) estimates (which im-
plicitly demand higher numbers of antenna combinations) and
the maximum admissible Doppler frequency. This limitation
holds if the Doppler frequency is estimated relying on the
Doppler-induced phase shifts among snapshots. In fact, when
switched from one antenna combination to the other, the
response variation already contains both Doppler-induced and
antenna-induced (due to the change of antenna’s location and
radiation pattern) effects. This implies that it is possible to
rely on the responses of different antenna combinations for
joint estimation of AOA, AoD and Doppler frequency. Nev-
ertheless, if the array consists of regularly arranged antenna
elements and they are sequentially switched, both the Doppler
frequency and antenna switching could lead to linear phase
shifts, meaning that there could be multiple solutions of angles
and Doppler frequency that result in the same received signals,
i.e., ambiguity in the joint estimation of angles and Doppler
frequency [53, 54]. The authors of [53] were the first to report
that the choice of sequential antenna switching sequence was
causing this ambiguity. In a similar line, authors of [55, 56]
introduced the normalized sidelobe levels as the objective
function to derive the necessary conditions of array switching
sequence which leads to ambiguities. Instead, by applying
randomized (non-sequential) antenna switching, the antenna-
induced phase shifts can be non-linearized, thus having the
potential to greatly nullify the aforementioned ambiguities and
extend the Doppler frequency estimation range to be close to
half the inverse of the duration between two adjacent antenna-
combination measurements. Hence, similar to [53, 57], we
employ optimized pseudo-random switching at both link ends
of our sounder, where the switching sequence is obtained

X

Y

Z

Raspberry Pi generating 8-bit TTL signals

Probe antenna

Fig. 6. Anechoic chamber measurement setup for characterization of the
per-element gain and phase patterns of the fabricated antenna arrays from
27-30 GHz.

by minimizing the level of ambiguity using the simulated
annealing algorithm [57]. From an implementation viewpoint,
both sides of the sounder activate antenna elements according
to a predefined codebook that is known to both ends.

3) Antenna Array Calibration: The three-dimensional gain
and phase patterns over both polarizations for both antenna
arrays were characterized in an anechoic chamber of di-
mensions 9.5 m × 4.7 m × 3.8 m (length × width ×
height). The arrays were calibrated across 27-30 GHz (3 GHz
bandwidth) with a frequency step size of 10 MHz. In order to
maximize the sensitivity of the arrays when used with high-
resolution post-processing, characterization of both arrays was
done with a dense angular sampling of 3◦ in the azimuth
and elevation. Fig. 6 illustrates the measurement setup with
the 256 element array. A high-gain linearly-polarized antenna
[58] was utilized as the probe antenna. By rotating the probe
antenna, its polarization can be swapped in order to measure
the patterns of two polarizations for each antenna element.
The device under measurement (DUM), i.e., the antenna array,
was mounted on a rotating arm which was controlled by
a programmable positioner. The measurements utilized the
classical roll-over azimuth principle to obtain the patterns over
a sphere. Specifically, the center of the DUM was aligned
to the origin of the coordinate system as shown in Fig. 6.
The rotating arm rotated around the y-axis, i.e., rotated the
coordinate system around the y-axis, to change the elevation
of the probe, and rotated around the z-axis to change the
azimuth of the probe. The distance from the probe to the
origin of the coordinate system was 3 m, which is larger than
the Fraunhofer distance of the array. The element switching
for both DUMs was controlled by a computer (Raspberry Pi)
interfacing with a switch control circuit leading towards the 8-
bit TTL signals utilized by RF switches on the backplane of the
antenna panels. To separate the antenna characteristics from
the rest of the transmitter/receiver circuitry of the sounder, the
DUMs were calibrated without the PA or low-noise amplifier
(LNA). Together with the large number of elements, the dense
sampling of the field in azimuth and elevation with the wide
measurement bandwidth yielded an unusually high number of
physical movements of DUMs.

After performing the measurements, the element gain and
phase patterns in both polarizations across the measurement
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Fig. 7. Measured three-dimensional gain and phase radiation pattern of
element 17 of the receive array at 28 GHz. This element is primarily vertically
polarized. (a) Gain pattern of horizontal polarization with its maximum as -
7.9 dB. (b) Gain pattern of vertical polarization with its maximum as -17.7 dB.
(c) Phase pattern of horizontal polarization. (d) Phase pattern of vertical
polarization.

bandwidth were analyzed. As indicated in Fig. 3, the receive
array and transmit array both contain half vertically polarized
elements and half horizontally polarized elements. Figs. 7 and
8 show example patterns at 28 GHz from antenna element 17
(primarily vertically polarized) at the receive array and from
antenna element 45 (primarily horizontally polarized) at the
transmit array, respectively. For both figures, one can extract
several trends: Firstly, the radiation efficiency is maximum
towards the broadside direction of the elements seen from the
subfigures of gain patterns of both Figs. 7 and 8. Secondly,
for the primary polarization mode, the earlier quoted azimuth
and elevation HPBWs of 85◦ and 50◦ are confirmed. Thirdly,
the cross-polarization discrimination ratio (i.e., the power
present in the primary polarization relative to the non-primary
polarization) is approximately more than 10 dB, and is retained
across both array elements.

For the non-primary polarization mode, the element phase
retains its overall shape but is as expected distorted relative to
the phase of the primary polarization. This can be observed by
examining the subfigures (c) and (d) in both figures, respec-
tively. Although not shown here due to space constraints, the
measured gain and phase patterns of the remaining elements of
both arrays show equivalent trends as those described above.
We now describe the transmit and receive hardware operation
of the designed sounder.

4) Sounder Operation With Transmit and Receive Hard-
ware: The transmitter is implemented and controlled in real-
time with the National Instrument PXI-e 1085 chassis, sup-
ported by National Instrument’s LabVIEW framework for
software interfacing and control. The left-hand side of Fig. 9
shows the overall implementation of the transmitter hardware,
where the physical circuit blocks are categorized and labeled
from “A" to “G". Each of these corresponds to the right-
hand side of the figure where the realized transmitter setup
is depicted. As it can be observed from the design of the
transmitter, parts of its operations are controlled by the local
host PC (see “A" on the figure), while others require integra-
tion with an FPGA (denoted with “F"). The earlier explained
frame structure (including the ZC sounding waveform with M
= 4) is generated at the host, and is shaped with root-raised-
cosine filtering before interfacing to the FPGA for repetitive
transmission. The transmission process triggers the timing
control governed by the FPGA, which receives an external 10
MHz CLK reference (shown as “G"). Similar to the designs
in [30, 37], the CLK used for the sounding setup is based on
a rubidium reference and is extremely stable with short-term
stability less than 2 × 10−12 for 100 seconds [59]. A 14-bit
digital-to-analog converter (DAC) output (shown as “B") is
fed to an IF unit for mixing the baseband signal to an IF
centered at 10 GHz via the aid of a frequency synthesizer. The
IF output is then fed to the transmit RF head unit (marked with
an “D") to be filtered and pre-amplified before up-conversion
to the desired mmWave band at 28 GHz. As marked by *
on the left-hand side of the figure, where applicable, the
parameters quoted in the design are re-configurable to cover
a 2 GHz bandwidth from 27.5 - 29.5 GHz when extending the
parameters reported to cater for the bandwidth adjustment.
This is also true when scaling down the bandwidth, to say
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Fig. 8. Measured three-dimensional gain and phase radiation pattern of ele-
ment 45 of the transmit array at 28 GHz. This element is primarily horizontally
polarized. (a) Gain pattern of horizontal polarization with its maximum as -
6.4 dB. (b) Gain pattern of vertical polarization with its maximum as -19.8 dB.
(c) Phase pattern of horizontal polarization. (d) Phase pattern of vertical
polarization.

TABLE I
TRANSMITTER AND RECEIVER SYSTEM COMPONENTS OF THE DESIGNED

CHANNEL SOUNDER. UNLESS OTHERWISE STATED, THE LISTED
COMPONENTS APPLY TO BOTH LINK ENDS.

Part Number System Unit Manufacturer and Model Number

1 PA Sage Millimeter Inc., SBP-2633332228-KFKF-S1

2 LNA Pasternack Inc., PE15A3300

3 Transmitter RF Head NI 3642

4 Receiver RF Head NI 3652

5 LO and IF Blocks NI PXI-e 3620

6 DAC NI PXI-e 3610

7 ADC NI PXI-e 3630

8 FPGAs NI PXI-e 7976 R, PXI-e 7902

9 Switch Control NI 6581 B

10 Timing and Synch. Modules NI PXI-e 6674 T

11 Host PC Framework NI PXI-e 8880

12 Chassis Control NI PXI-e 1085

13 Fast Array Hard Drive NI PXI-e HDD 8261

14 CLK Source Stanford Research Systems FS725

TABLE II
OVERALL SPECIFICATIONS OF THE DESIGNED CHANNEL SOUNDER. THE

PARAMETERS WHICH CAN BE RE-CONFIGURED ARE LISTED WITH
“(RE-CONFIGURABLE*)".

Parameter Value

Sounder type Switched array

Center frequency 28 GHz (re-configurable*)

Instantaneous bandwidth Up to 2 GHz (re-configurable*)

Antenna array sizes/configurations 128 by 256/UPA and cylindrical (transmit and receive)

Azimuth/Elevation 3 dB beamwidths 85◦/50◦

Overall field-of-view at transmitter/receiver 180◦/360◦

Polarization Dual (horizontal and vertical) (re-configurable*)

Receiver noise figure 5 dB

PA Gain and P1 dB 22 dB, 28 dBm

LNA gain 43 dB

ADC/DAC resolution 12/14 bits

Switching rate 18.8 µs (re-configurable*)

MIMO snapshot rate Around 600 ms (re-configurable*)

Switching sequence Pseudo-random via a codebook (re-configurable*)

Transmitter-receiver CLK synchronization Rubidium reference

Transmitted waveform duration 2.7 µs (re-configurable*)

ZC sequence length 2047 (re-configurable*)

500 MHz. A separate PA providing a maximum output power
of 28 dBm is attached prior to the earlier described RF
switching topology, while the CLK also triggers the switch
timing (see “E" on the figure). A control signal activates
one of the pseudo-random switch states according to the
predefined codebook known to both transmitter and receiver,
forwarding the mmWave signal to the desired antenna port for
transmission over-the-air. Later we provide specific part details
of the used circuit blocks.

The corresponding architecture at the receiver is shown on
the left-hand side of Fig. 10. In accordance with the same pre-
defined codebook as for the transmitter, the receive antenna
elements and its associated switch circuitry is controlled via
the CLK reference signal which triggers the capturing of
the received waveform. This is followed by an LNA, and
a down-converter to IF before being further mixed and low
pass filtered (LPF) to baseband. A 12-bit analog-to-digital
converter (ADC) is then employed to digitize the received
analog waveform. The receiver FPGA is then used to perform
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Fig. 9. Left-hand side: Overall design of the transmitter hardware architecture for switched array operation between 27.5-29.5 GHz. The annotations “A" to
“G" denote the various transmitter circuit components, mapping to their physical make up as shown on the right-hand side of the figure. These are further
described in the text. The terms “PPS" and “BPF" are read as “pulse per-second" and “bandpass filter", respectively.

Fig. 10. Left-hand side: Overall receiver hardware for switched array operation between 27.5-29.5 GHz. The annotations “A" to “G" represent the various
receiver circuit components, mapping to their physical equivalents as shown on the right-hand side of the figure. The terms “LPF", “I/Q", and “CIR" denote
“low-pass filter", “in-phase/quadrature", and “channel impulse response”, respectively.

in-phase/quadrature (I/Q) sample correction to remove the DC
offset and I/Q imbalance of the received signals, followed by
a power maximization stage introduced by a matched filter
(MF). The FPGA performs real-time averaging of the many
acquired replicas of ZC sequences, and the resulting average is
correlated with the original ZC sequence to extract the channel
impulse responses that are sent for storage and further post-
processing to extract the directional propagation parameters.
Due to the large number of elements being switched at both the
transmitter and receiver (32768 combinations in a snapshot),
we stress that the above process is very complex and requires

optimization of both hardware as well as real-time software.3

The terms “A" to “G" on the left-hand side of the figure
categorize the system components and are depicted physically
on the right-hand side where the complete receiver setup is
shown. The receiver hardware is also interfaced with a Na-
tional Instrument PXI-e 1085 chassis, controlled by the custom
designed host and FPGA LabVIEW software frameworks. For
both the transmitter and receiver, the different utilized circuit
parts are provided in Table I.

3The processing also involves calibration and addition of metadata, e.g.,
absolute timing and antenna pair identification, which are not mentioned for
the sake of maintaining clarity.
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5) Key Real-Time Software Implementation Aspects: From
a real-time software viewpoint, both the transmit and receive
sides have a similar overall code framework. The code is
divided in three parts: (1) Host code; (2) FPGA signal process-
ing code, and (3) FPGA switch control code. The host code
is the main controller, and acts as a user interface at both
sides. It mainly controls the operational states and executes:
(1) The ZC waveform, (2) The number of ZC repetitions,
and (3) The number of switch states, i.e., the codebook. At
the receiver, it additionally receives the raw channel impulse
responses and adds the required metadata (absolute times,
antenna pair indices, etc.) before saving. Unlike the host
implementation, the signal processing FPGA code is clocked
by the rubidium reference. The ZC signals are transmitted
with the pre-defined number of repetitions, and the switch
guard times are added together with a switch triggering signal
which is generated between each frame. The receive side,
similarly, processes each frame, generates a switch triggering
signal across the received frames and sends the resulting
channel impulse response with a timing identifier added to the
host. The aforementioned processing involves synchronization,
averaging and correlation of the received ZC waveform to the
original ZC signal. The switch FPGA code is the least complex
of the three, and is reused at both link ends. Its main role is
to change the switch states based on the pre-defined codebook
(defining the pseudo-random switching combinations) each
time it receives a trigger signal from the real-time signal
processing FPGA code. With the major aspects of the sounder
design concluded, we now present the final specifications of
the sounder and assess the sounder’s dynamic range in order
to understand its maximum measurable range.

D. Final Sounder Specifications and Dynamic Range

The overall specifications of the sounder are given in
Table II. As shown by the tabulated entries, our design of-
fers an unprecedented degree of re-configurability which can
be exercised in-between measurements without any changes
to the hardware. In particular, the center carrier frequency,
bandwidth, total number of measured channels, number of
active polarization modes, the total number of ZC sequences,
and the switching sequence configuration can be re-configured
depending on the measurement campaign. This enables, for in-
stance, to get faster switching rates in either azimuth/elevation
for one polarization mode for high mobility situations. In
contrast, for more static channels, a longer measurement can
be made for getting a detailed description of the channel
conditions. This provides a considerable advantage relative
to existing setups summarized in Sect. I of this paper, which
cannot be re-configured instantaneously without extensive me-
chanical modifications to the sounder structure and re-cabling.

Fig. 11 depicts a link budget analysis of the sounder to
figure out the maximum measurable power loss caused by the
wireless propagation. The criterion is that the power of a path
in the received channel impulse response should be higher
than the noise power floor. As shown in Fig. 11, the sounder is
expected to work at its maximum power capacity, i.e., 25 dBm
is output by the PA.An antenna element integrated into the
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Fig. 11. An example link budget analysis for the sounder. The values which
can be re-configured are marked with ∗. Although the input power is also
adjustable, it is preferred that the sounder works at its maximum power
capacity for the largest dynamic range.

switch panel radiates the signal out towards the channel, giving
it a “gain” of around -7 dB. Then the signal is attenuated
due to the propagation loss, followed by a “gain” of around
-7 dB from a receive antenna element. Nevertheless, there
are several processing gains to be included. By coherently
combining the signals received at all antenna combinations,
array gains can be harvested at both sides, which correspond
to around 15.6 dB and 13.4 dB at the transmitter and receiver4,
respectively. The array gains are calculated by checking the
measured responses of arrays in Sect. II-C3. Moreover, the
sequence gain by exploiting the length-2047 ZC sequence is
33 dB. The averaging gain using 4 repeated ZC sequences
corresponds to 6 dB. As for the noise power, we consider
the noise power density -174 dBm/Hz at room temperature,
with the effective bandwidth of 768 MHz, i.e., 88 dB-Hz.
Moreover, cascading the individual noise figures of the circuit
components shown in Fig. 10, the estimated noise figure for
the receiver is around 5 dB. According to the above, the
effective SNR of a path in the channel impulse response with
processing gains can be calculated. By setting the threshold
for the effective SNR as 0 dB, the maximum measurable
propagation loss is attained as around 160 dB. Despite a large
number of channels being measured within short times with
both high spatial and temporal resolutions, this compares well
with existing sounders reported in [31, 32, 37, 48]. Although
the state-of-the-art rotating horn antenna sounder in [25] can
measure power loss up to 185 dB, it is at the expense of much
larger measurement durations since its design is based on a
sliding correlator and is thus suitable only for static channel
characterization. If the same measurement duration is applied,
with our design, we could repeat the same static snapshot
hundreds of times, which would further increase the maximum
measurable power loss well beyond 185 dB.

III. POST-PROCESSING ASPECTS

A. Channel Impulse Response and Channel Transfer Function

The channel impulse response of the measured propagation
channel can be represented as a fourth order tensor denoted

4Not all antennas at the receiver can receive the same path effectively due
to the cylinder array structure, causing a smaller array gain.
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by h(τ, s,mT,mR). Here τ denotes the propagation delay, s
denotes the measured snapshot index, mT is the transmit an-
tenna index, and mR is the receive antenna index. The channel
transfer function is then denoted by H(f, s,mT,mR), where
f denotes the frequency and is obtained via Fourier transform.
The spatio-temporal information of the MIMO channel can be
obtained from either h(τ, s,mT,mR) or H(f, s,mT,mR).

B. MPC Parameter Estimation

Utilizing the dense spatial and temporal resolutions on
offer with the designed sounder, our ultimate interest is to
obtain propagation channel characteristics that are independent
of the antenna architectures, such that the true directional
properties of only the MPCs can be evaluated. Naturally, to
do this, we would need to obtain a double-directional char-
acterization of the channel that extracts the spatio-temporal
polarimetric parameters of the MPCs from the transfer func-
tion via the use of a high-resolution estimation algorithm.
Several approaches exist in the literature to do this, includ-
ing expectation-maximization (EM) [60], space-alternating
generalized expectation-maximization (SAGE) [61], CLEAN
[62], RIMAX [63–65], and their variants such as [66, 67].
All of these approaches attempt to extract the directional
MPC parameters in the maximum likelihood sense. These
approaches are subjected to different model assumptions and
underlying conceptual restrictions including applicability to
certain antenna array architectures, calculation time in terms
of convergence speed, and statistical efficiency.

The signal model of the measured channel transfer function
is considered as a superposition of specular MPCs, and it is
assumed that the geometrical propagation parameters of MPCs
are unchanged during the observation time of S snapshots. The
specular MPCs are characterized via plane waves through their
delays (τ ), Doppler frequencies (ν), azimuth and elevation
AOAs (ϕR and φR), azimuth and elevation AODs (ϕT and
φT), and complex polarimetric path gains (γ), such that
Θℓ = [τℓ, νℓ, ϕR,ℓ, φR,ℓ, ϕT,ℓ, φT,ℓ,γℓ] is for the ℓ-th path.
Analytically,

H(f, s,mT,mR;Θ)

=

L∑
ℓ=1

bT
mR

(ϕR,ℓ, φR,ℓ, f)

(
γHH,ℓ γHV,ℓ

γVH,ℓ γVV,ℓ

)
bmT (ϕT,ℓ, φT,ℓ, f)

× b(f) e−j2πfτℓej2πνℓts,mT,mR +N(f, s,mT,mR),
(1)

where Θ = [Θ1, · · · ,ΘL] contains the path parameters of
all L MPCs, ts,mT,mR indicates the time instant when the
channel between the mT-th transmit antenna and the mR-
th receive antenna of snapshot s is measured, (·)T denotes
the matrix transpose operator, and N denotes white Gaussian
noise. Moreover, bmR ∈ C2×1 and bmT ∈ C2×1 denote the
mapping from the azimuth and elevation AOA and AOD to the
corresponding polarimetric responses of the the mR-th receive
antenna and the mT-th transmit antenna, respectively. Note
that the mapping is also dependent on frequency f due to
the frequency-dependent response of each antenna across the
large bandwidth. The mapping is realized via the effective
aperture distribution function (EADF) [68, 69] of both transmit

and receive arrays based on the measurement data obtained in
Sect. II-C3. The EADF is a known procedure that can facili-
tate gradient-based optimization/search in measurement-based
parameter estimation. Essentially, at each frequency point,
2D discrete Fourier transforms are applied to the measured
patterns to obtain spectra in the spatial-frequency domains
that can be utilized afterward to recover antenna patterns via
inverse transforms [68]. It also has the advantage of data
compressing by keeping only the principal components in the
spatial-frequency domain. The parameters γHH, ℓ, γHV, ℓ, γVH, ℓ

and γVV, ℓ denote the horizontal-to-horizontal, horizontal-to-
vertical, vertical-to-horizontal and vertical-to-vertical polariza-
tion gains of the ℓ-th MPC. Furthermore, b(f) represents the
response of the system without antenna arrays, which can be
obtained from the back-to-back measurement.

From (1) it is clear that parameters in Θ associated with the
L specular MPCs are to be estimated. Note that there is a major
improvement compared to previous works. The frequency-
dependent antenna responses across the wide bandwidth are
observed, characterized and considered, leading to a much
more realistic signal model, although this in turn breaks
the Kronecker-product structure assumed in the conventional
signal model [63], causing higher complexity in parameter
estimation. By combining the advantages of EM and SAGE
principles and improving the EADF-related likelihood op-
timization, we propose a new algorithm in the maximum-
likelihood sense that can well overcome the complexity issue
for high-resolution estimation of Θ. Since the detailed for-
mulation of the algorithm is out of the scope of this paper,
interested readers are referred to [70] for more information.

IV. SAMPLE MEASUREMENT RESULTS

A. Measurement Scenario
To validate the performance of the designed sounder, we

present results from an indoor measurement campaign carried
out in the E-Building, Department of Electrical and Infor-
mation Technology (EIT), Lund University, Sweden. Fig. 12
depicts the scenario, i.e., a laboratory of 6.1×5.5×2.6 m3 with
tables, shelves, equipment, etc. The transmitter location was
fixed and is marked with a red dot (labeled as “Tx"), and
the Rx was moving continuously along the green trajectory
with a speed of around 0.1 m/s. One snapshot was recorded
per second, and in total 29 snapshots were recorded along
the trajectory. Note that the Rx stopped moving for the last
6 snapshots, resulting in the trajectory length being around
2.1 meters. The orientations of the arrays were always kept
unchanged. As indicated in Fig. 12, the front panel of the Tx
array was towards the wall “A”, and the third panel of the
Rx array was towards wall “B” for all snapshots along the
trajectory. The measurement was conducted using all antennas
at both link ends (i.e., measuring 32768 channel combinations)
with a center frequency of 28 GHz and an effective bandwidth
of 768 MHz. The parameters of MPCs for each snapshot were
estimated using the principle outlined in Sect. III-B.

B. Measured Results and Evaluations
Fig. 13 illustrates two channel impulse responses obtained

for the first snapshot and the twentieth snapshot, respectively,
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Fig. 12. The dynamic propagation channel measurement in an indoor
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Rx movement trajectory, and array orientations during the measurement.

0 20 40 60 80 100 120

Propagation distance [m]

-60

-50

-40

-30

-20

-10

0

P
o
w

er
 [

d
B

]

(a)

0 20 40 60 80 100 120

Propagation distance [m]

-60

-50

-40

-30

-20

-10

0

P
o
w

er
 [

d
B

]

(b)

Fig. 13. The channel impulse response with processing gains. (a) The first
snapshot. (b) The twentieth snapshot.
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Fig. 14. The received power at the LoS delay bin of channel impulse responses
measured at all antenna combinations. (a) The first snapshot. (b) The twentieth
snapshot.

where all the processing gains as indicated in Fig. 11 have
been harvested. It can be observed that the received power
decreased from the first to the twentieth snapshot due to Tx-Rx
distance increasing, and several different peaks (paths) existed
in both channels. Fig. 14 illustrates the powers received at the
line-of-sight (LoS) delay bins of channel impulse responses
measured at all antenna combinations, for the first snapshot
and the twentieth snapshot, respectively. It can be observed
that the LoS path impinged mainly into Rx panels 4-6 at the
first snapshot and mainly panels 5-7 at the twentieth snapshot,
which is consistent with the geometry. Moreover, higher
received power was observed only when the transmit antenna
and the receive antenna have the same primary polarization.

Fig. 15, as an example, illustrates the high-resolution es-
timation results of MPCs for the first snapshot. The AoDs
and AoAs of the LoS path (with the strongest gain) is
consistent with the geometry. There are also many more non-
LoS (NLoS) paths observed. We can, e.g., observe two MPCs
with propagation distances of around 4 m, elevations at both
sides of around 50◦, and azimuths at both sides almost the
same to the LoS path. It can be inferred with good confidence
that they were caused by the ceiling.

Fig. 16 concatenates all the MPCs of all snapshots in dif-
ferent parameter domains, showing a clear evolution of these
MPCs. It is obvious that the channel parameters became stable
for the last six snapshots when the Rx stopped moving. It
can also be observed that the propagation distance of the LoS
path-trajectory increased along the trajectory. Its elevations at
both sides were kept at around 90◦ due to the same heights
of arrays, and azimuths at both sides were getting larger as
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Fig. 15. High-resolution propagation channel parameter estimation results
of MPCs observed at the first snapshot. (a) Propagation-distance Tx-azimuth
power spectrum. (b) Propagation-distance Tx-elevation power spectrum. (c)
Propagation-distance Rx-azimuth power spectrum. (d) Propagation-distance
Rx-elevation power spectrum.

expected. There was another obvious trajectory with larger
delays compared to the LoS trajectory. Its elevations were
also kept around 90◦, and its azimuths at the Tx sides were
also increasing with a slower slope compared to that of LoS
path. However, its azimuths at the Rx sides were decreasing.
It can be well inferred that this path is due to the reflection
of Wall A as indicated in Fig. 12. Similarly, other trajectories
can be tracked and mapped to their corresponding physical
scatterers in the scenario. A sophisticated tracking algorithm
using belief propagation can be found in [71]. Naturally, many

further details from the measured results can be analyzed.
However, we refrain from doing this, since the central focus of
the paper is on the design, implementation and measurement-
based verification of the proposed sounder. Interested readers
can also refer to [72, 73] for more information, where the
validity of the sounder is further verified in a building yard by
investigating the physical interacting points of the measured
channels and conducting a successful radio-based simultane-
ous mapping and localization, respectively.

V. CONCLUSIONS

We presented a novel mmWave propagation channel
sounder based on the switched array principle. It can mea-
sure 128×256 MIMO channels within a short measurement
time of around 600 ms. Unlike previously presented mmWave
sounders, the proposed design offers the highest degree of
reconfigurability, and compliments the high delay resolu-
tion with high-resolution spatial characteristics provided by
the uniquely designed transmit and receive arrays. We can
accurately characterize amplitudes, delays, angles, Doppler
and polarization parameters of propagation paths of dynamic
mmWave channels. Moreover, via careful RF design, negligi-
ble phase drift is seen between the reference local oscillators
(LOs) at both link ends, even in the absence of a cabled
connection for timing synchronization. This enables averaging
multiple complex waveforms to enhance the measurement
signal-to-noise ratio (SNR) - something which is particularly
valuable for measurements that require a large dynamic range.
Using a high-resolution parameter estimation algorithm, we
extracted the propagation parameters of multipath components
measured in the laboratory scenario. The consistency of the
channel behavior in different parameter domains to the prop-
agation scenario verifies the designed sounder.
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Fig. 16. Concatenated MPCs estimated for all snapshots along the trajectory, where the Rx was static for the last six snapshots. (a) Propagation distance
domain. (b) Tx azimuth domain. (c) Rx azimuth domain. (d) Tx elevation domain. (e) Rx elevation domain.
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