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ABSTRACT The integration of sensing and communication (ISAC) functionalities have recently gained
significant research interest as a hardware-, power-, spectrum- and cost- efficient solution. This experimen-
tal work implements a dual-functional sensing and communication framework where a single radiation
waveform, either omnidirectional or directional, can realize both sensing and communication functions. We
design an orthogonal frequency division multiplexing (OFDM) based multi-user multiple input multiple
output (MIMO) software-defined radio (SDR) testbed to validate the dual-functional model. We carry out
over-the-air experiments to investigate the optimal trade-off factor to balance the performance for both
functions. On the communication side, we obtain bit error rate (BER) results from the testbed to show the
communication performance using the dual-functional waveform. On the sensing performance, we measure
the output beampatterns of our transmission to examine their similarity to simulation based beampatterns.
We also implement a sensing experiment to realize activity detection functions. Our experiment reveals that
the dual-functional approach can achieve comparable BER performance with pure communication-based
solutions while achieving fine sensing beampatterns and realistic sensing functionality simultaneously.

INDEX TERMS Waveform, communications, sensing, integrated sensing and communications (ISAC),
OFDM, MIMO, software-defined radio (SDR), over-the-air, prototyping.

I. INTRODUCTION

WIRELESS communications have evolved from 1G
to 5G with significant technology innovations.

Traditionally, signals are transmitted at low-frequency car-
riers with narrow signal bandwidth due to limitations from
hardware and technical theories. Nowadays, signals can be
transmitted at millimeter wave (mmWave) frequency [1] and
TeraHertz (THz) frequency [2] with GHz signal bandwidth.
In terms of antennas, communication systems can integrate
hundreds of antennas in massive multiple input multiple out-
put (MIMO) [3]. Moreover, in terms of signal waveform,
different options are available such as code division multiple
access (CDMA) in 3G [4], orthogonal frequency division
multiplexing (OFDM) and single carrier frequency division
multiple access (SC-FDMA) in 4G/5G [5], [6]. Recently,
advanced waveform candidates are being investigated for

future 6G such as spectrally efficient frequency division
multiplexing (SEFDM) [7], faster than Nyquist (FTN)
[8], [9], orthogonal time frequency space (OTFS) [10], [11],
generalized frequency division multiplexing (GFDM) [12]
and filter bank multicarrier (FBMC) [13].
Complementary to wireless communications, various sen-

sors have been used to sense the world such as accelerome-
ters, Gyroscope, light sensor, temperature sensors, audio and
video. Due to the ubiquitous features of wireless signals,
smart applications such as non-intrusive and non-contact
radar sensing and radio frequency (RF) sensing are becoming
popular. In [14], Google develops a mmWave radar sensing
system at 60 GHz termed ‘Soli’, which can sense and under-
stand subtle motions in finger gestures. Work in [15] tests dif-
ferent radar and sonar devices for detecting different classes
of mobility via measuring micro-Doppler [16] sensitivity.
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In [17], a joint detection system that integrates a camera with
an frequency-modulated continuous wave (FMCW) radar
is designed to realize object detection and 3D estimation.
In [18], a ultra-wideband (UWB) MIMO radar equipped with
manufactured Vivaldi antennas is designed and implemented
to detect objects behind walls using stepped-frequency con-
tinuous wave (SFCW) signals. Moreover, the variations of
reflected signals can judge human motions even behind
walls. The representative work is [19], where a special
method, termed inverse synthetic aperture radar (ISAR), is
applied to deal with a moving object using a single receiver
antenna. Recently, an IEEE group is working on an IEEE
802.11bf standard [20], which aims to use existing wireless
fidelity (WiFi) signals to realize sensing functions. There
are commonly two methods for estimating human activi-
ties based on WiFi signals, namely received signal strength
indicator (RSSI) [21], [22], [23], [24] and channel state
information (CSI) [25]. Although RSSI has been successful
in human activity detections, its coarse sensing resolution and
high sensitivity to noise limit its applications in further areas.
The second solution, CSI, aims to extract amplitude [26] and
phase information [27], [28] to better assist human activity
detections. In [29], a WiFall system is designed to ‘see’
human activities via measuring CSI. A detailed propaga-
tion model is analytically studied to reveal the possibility of
detecting human fall activities. In [30], a WiHear system is
designed to ‘hear’ human talks based on micro-movement
via radio reflections from mouth movements. In [31], CSI
information is extracted from both OFDM signals and MIMO
antennas. Therefore, detection accuracy is improved. In [32],
CSI from WiFi signals is extracted for monitoring vital signs
and postures during sleeping.
It is noted that traditional sensing signals are not initially

designed for communications. Conversely, signalling for
communications is not inherently designed to serve sensing
functionalities. To achieve the joint sensing and commu-
nication purpose, communication radio signals and sensing
signals have to be managed in time division multiplexing
(TDM) mode, frequency division multiplexing (FDM) mode
or space division multiplexing (SDM) mode. However, the
multiplexing strategy will waste time, frequency or spatial
resources. A number of approaches have emerged, aiming to
design and test signalling that is appropriate for integrated
sensing and communication (ISAC). Work in [33] proposed
to use primary synchronization signal (PSS) in the LTE frame
for the radar sensing purpose. Work in [34] proposed a space
division multiple access (SDMA) scheme that can support
radar and communications using the same transmit hardware
with the same timing and spectral occupation. The princi-
ple behind the work is to send spatially orthogonal beams
at the null space of the other one. Therefore, interference
is avoided. This was further demonstrated experimentally
in [35], where analog-domain phased array antennas were
employed to assist radar beam tracking and alignment. Work
in [36] studied a new waveform design in ISAC. The princi-
ple is to multiplex low out-of-band power emission signals

with radar signals in frequency domain. However, this is a
frequency multiplexing scheme and is not a dual-functional
design. In addition, its experiment is based on single-antenna
point to point links. Work in [37] proposed to use mutually
orthogonal waveforms via space time coding (STC) in differ-
ent beams for communication and radar rather than a single
waveform beam. Work in [38] aims to realize joint commu-
nication and radar functions in an FDM mode via full-duplex
in hardware based solutions. Work in [39] designs a joint
communication-radar experiment using single-carrier signals
in a TDM mode via full-duplex radar reception. Work in [40]
proposed to achieve joint communication and radar functions
by modulating information signalling onto standard radar
waveforms through index modulation.
The main contribution of this work is to practically design

and test over the air a dual-functional waveform [41] for an
integrated sensing and multi-user MIMO-OFDM communi-
cation system [42]. In general, there are three categories of
ISAC waveform designs [43] namely, pure-sensing, pure-
communication, and joint sensing-communication design.
The first type is to integrate communication data into
existing sensing waveforms, which may result in limited
communication rate. The second type is to utilize exist-
ing standard compatible communication waveforms to sense
a target directly, which might suffer from poor sensing
performance, as the waveform is not tailored for sensing.
The third type is to achieve a balanced trade-off between
sensing and communication such as the work in [41]. Unlike
existing experimental work in pure-sensing signal or pure-
communication signal design, the prototyping testbed in
this paper can realize sensing and communication using the
same time, frequency and spatial resources. As a step ahead
from [41], the designed dual-functional ISAC experiment in
this work is based on the OFDM signal waveform, which
enables a straightforward deployment of the ISAC framework
in many standard communication systems. Additionally,
unlike pure theoretical simulations, this work obtains a prac-
tically working sensing and communication trade-off factor
that ensures sensing beampattern quality and communication
performance after comprehensive experiments on communi-
cation constellation diagrams, bit error rate (BER), error
vector magnitude (EVM), sensing beampattern quality and
sensing detection accuracy. Based on both communication
performance and sensing performance, this work validates
the dual functionality of the proposed ISAC transmission
scheme in real world.
The rest of this paper is organized as follows. Section II

will introduce the fundamentals of signal waveforms and
multi-antenna communication architectures. In Section IV,
the trade-off between sensing and communication is
explained using the ISAC model, followed by the beam-
pattern illustrations in pure sensing and pure communication
systems. A multi-user MIMO-OFDM experiment is designed
and implemented in Section V to verify the ISAC frame-
work in hardware. Finally, Section VII concludes the
work.
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II. COMMUNICATION MODEL
We consider a multi-user MIMO-OFDM transmission, for
which the received signal can be expressed as

Y = HX̃ + W, (1)

where Y = [y1, y2, . . . , yK]T ∈ C
K×L indicates K parallel

sample vectors for K receiver side users with L samples
per user. H = [h1,h2, . . . ,hK]T ∈ C

K×N indicates a MIMO
channel matrix with N being the number of transmitter side
antennas. X̃ = [x̃1, x̃2, . . . , x̃N]T ∈ C

N×L is the transmission
symbol matrix after precoding, with L being the number of
time samples per data stream on each antenna. Similarly, the
noise matrix W = [w1,w2, . . . ,wK]T ∈ C

K×L indicates K
parallel noise vectors for K receiver side users with L noise
samples per user.
The commonly used multicarrier signal format in 4G,

5G and WiFi standards is OFDM, which we employ in
this work. Traditionally, each antenna is responsible for an
OFDM symbol stream. Therefore, the symbol transmission
matrix consists of N parallel OFDM data streams with L
time samples for each data stream. The expression in (1)
can be rewritten as

Y = X +
(
HX̃ − X

)
︸ ︷︷ ︸

MUI

+W, (2)

where X = [x1, x2, . . . , xK]T ∈ C
K×L indicates the user

side multicarrier symbol matrix. The term within the bracket
in (2) represents multi-user interference (MUI) and the total
power contributed by the MUI term is therefore computed as

PMUI =
∥∥∥HX̃ − X

∥∥∥
2

F
, (3)

where ‖· ‖F denotes the Frobenius matrix norm. The value
of PMUI is determined by the quality of precoding. In order
to minimize the value of PMUI , we should optimize X̃ such
that its multiplication with the channel H leads to a result
close to X.
An OFDM signal with Q time samples is expressed as

xk = 1√
Q

M∑
m=1

sm exp

(
j2πmk

Q

)
, (4)

where xk is the kth time sample with the index of k =
1, 2, . . . ,Q, M is the number of sub-carriers, Q = ρM indi-
cates the number of time samples and ρ is the oversampling
factor. 1√

Q
is the normalization factor and sm is the mth

single-carrier symbol in one OFDM symbol.
A matrix format can convert the expression in (4) to the

following

x = Fs, (5)

where x ∈ C
Q×1 is an OFDM symbol vector within X =

[x1, x2, . . . , xK]T , F ∈ C
Q×M indicates a sub-carrier matrix

with elements noted as exp( j2πmkQ ) and s ∈ C
M×1 indicates

the symbol vector. The received signal, assuming perfect
precoding, is expressed as

y = Fs + w, (6)

where y ∈ C
Q×1 indicates one OFDM symbol at one receiver

side user. For an OFDM frame, we need multiple OFDM
symbols with overall L = Q × ψ time samples, where ψ
indicates the number of OFDM symbols. Moreover, in order
to support a MIMO system defined in (1), we need to gen-
erate N parallel OFDM signal streams. In the following, we
will discuss the methodology of precoding X ∈ C

K×L to
the dual-functional sensing and communication waveform
X̃ ∈ C

N×L.

III. SENSING MODEL
Unlike traditional analog phased-array radar sensing systems,
digital MIMO radar systems have higher degree of freedom
(DoF) due to the use of uncorrelated waveforms. The design
of such a MIMO waveform is equivalent to the design of
the covariance matrix [44] of probing signals, where convex
optimization might be used. The spatial covariance matrix
of X̃ has the following expression

Rd = 1

L
X̃X̃H, (7)

where Rd determines the sensing beampattern and it should
be positive-definite and L ≥ N.
To achieve the dual-functional sensing and communica-

tions, we need to optimize the transmission symbol matrix X̃,
which can minimize PMUI in (3) considering multi-antenna
and multicarrier signals, and simultaneously meet the MIMO
radar constraints in (7).

In general, there are two types of MIMO radar sens-
ing waveform designs. One is the orthogonal waveform,
which generates omni-directional beampattern for search-
ing unknown targets. Alternatively, MIMO radar may also
track known targets via directional waveforms [45]. Without
loss of generality, in this paper we show that the proposed
approach is capable of designing both orthogonal and direc-
tional MIMO radar waveforms while carrying communica-
tion information, which will be validated by experimental
results.
In order to get an omnidirectional beampattern, the trans-

mission waveform matrix X̃ has to be orthogonal such that
its corresponding covariance matrix is an identity matrix.
The optimization problem is formulated as

min
X̃

∥∥∥HX̃ − X
∥∥∥

2

F

s.t.
1

L
X̃X̃H = PT

N
IN (8)

where PT indicates the total transmission power and IN is
an N × N identity matrix.
For a directional MIMO radar beampattern, a unique

covariance matrix Rd is considered in the MUI optimization
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FIGURE 1. Spatial beampattern illustration for pure-communication (γ=1) and pure-sensing (γ=0) when considering a MIMO-OFDM ISAC system with six transmission
antennas.

problem as

min
X̃

∥∥∥HX̃ − X
∥∥∥

2

F

s.t.
1

L
X̃X̃H = Rd, (9)

where Rd is positive-definite and we refer readers to [44]
for the specific design methodology.

IV. TRADE-OFF BETWEEN SENSING AND
COMMUNICATIONS
To realize a dual-functional sensing communication function,
we employ the optimization methodology from [41] where a
trade-off factor γ is introduced to balance the performance
of the communication part and the sensing part. In this case,
the resulting waveform can provide a balanced solution to
both communication and sensing functions.
We define the desired sensing signal as Xd where its

design is detailed in [44]. The trade-off optimization problem
considering the total power constraint is formulated as

min
X̃

γ

∥∥∥HX̃ − X
∥∥∥

2

F
+ (1 − γ )

∥∥∥X̃ − Xd

∥∥∥
2

F

s.t.
1

L

∥∥∥X̃
∥∥∥

2

F
= PT , (10)

where the first term, ‖HX̃−X‖2
F aims to minimize the MUI

while the second term ‖X̃−Xd‖2
F aims to enforce the signal

waveform to approach the desired sensing waveform Xd.
0 ≤ γ ≤ 1 indicates the trade-off factor that balances the
communication and sensing performance.
We can expand the two Frobenius norms and combine

them in a single norm format as

γ

∥∥∥HX̃ − X
∥∥∥

2

F
+ (1 − γ )

∥∥∥X̃ − Xd

∥∥∥
2

F

=
∥∥∥∥
[√
γHT ,

√
1 − γ IN

]T
X̃ −

[√
γXT ,

√
1 − γXT

d

]T∥∥∥∥
2

F
.

(11)

To simplify the expression, we define A = [
√
γHT ,√

1 − γ IN]T ∈ C
(K+N)×N , B = [

√
γXT ,

√
1 − γXT

d ]T ∈
C
(K+N)×L. Therefore, (10) can be reformulated as

min
X̃

∥∥∥AX̃ − B
∥∥∥

2

F

s.t.
∥∥∥X̃

∥∥∥
2

F
= LPT . (12)

While problem (12) is non-convex due to the quadratic
equality constraint, it can be proved that strong duality holds,
such that (12) can be optimally solved via solving the dual
problem [41]. To reduce the complexity incurred by the
iterative algorithm of solving the dual problem, we consider
a closed-form sub-optimal solution, which is obtained by
using the simple least squares (LS) method under the total
power constraint as the following

X̃ =
√
LPT∥∥A†B

∥∥
F

A†B, (13)

where (·)† represents the pseudo inverse of the matrix.
The trade-off performance for pure communication

systems (γ = 1) and pure sensing systems (γ = 0) are
demonstrated in Fig. 1. It is obvious from (10) that when
the trade-off factor γ = 0, the intended waveform will
match closely the perfect sensing waveform as shown in
Fig. 1 while it will be far away from the communica-
tion featured waveform. In this case, the scenarios with
γ = 0 would cause performance degradation in commu-
nications. When the trade-off factor is increased to γ = 1,
the sensing part in (10) will be removed. Therefore, the
communication part dominates the integrated system and
the intended waveform will be more likely to follow the
optimal communication constraints. In this case, γ = 1
leads to pure communication functionality and Fig. 1 reveals
that the ‘Pure-Communication’ sensing beampattern is more
likely to be random, which is far away from ‘Pure-Sensing’
omnidirectional and directional beampatterns.
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FIGURE 2. Experiment platform setup. (a) Tx-USRP Array: MIMO transceiver that precodes and decodes multi-user signals. (b) Radar Beampattern Measurement Apparatus
(RBMA): a directional antenna to measure beampatterns. (c) CU-1 and CU-2: two omnidirectional antennas to receive communication signals.

For other values of γ , trade-off exists between communi-
cation and sensing performance. Explicitly, as γ is increased,
priority is given to communications at the expense of sensing
performance, and vice versa. It is noted that the existence of
the trade-off factor cannot ensure optimal performance for
both sensing and communication. The advantage of the trade-
off is that we can flexibly tune the performance between
communication and sensing according to specific application
scenarios. Fig. 1 merely shows the general design principle.
The variations of communication BER and radar sensing
beampattern at different values of γ will be investigated
using our experiment testbed in the following sections.

V. EXPERIMENT SETUP AND VALIDATION
A. EXPERIMENT PLATFORM SETUP
As demonstrated in Fig. 2, the designed 6×2 MIMO-OFDM
platform is equipped with N=6 transmitter antennas and
K=2 users working at 2.4 GHz carrier frequency, consist-
ing of a Tx-USRP array (USRP cluster with antenna array),
two communication users (each user is equipped with one
antenna and no beamforming at the receiver side), a radar
beampattern measurement apparatus (an antenna is con-
nected to a stand-alone RF chain in one of the USRPs of
the Tx-USRP array).

1) TX-USRP ARRAY

The emulated base station, noted as the Tx-USRP array, con-
sists of six USRP-RIO-2953R. Each of the devices has two
RF chains, in which one can be used for signal generation
and the other one is for signal reception. In this experiment,
we use one RF chain from each USRP for signal genera-
tion at the carrier frequency fRF=2.4 GHz with the sampling

rate of 20 MS/s. The symbol modulated at each sub-carrier
is QPSK. The number of data sub-carriers is 12 and the
inverse fast Fourier transform (IFFT) size is 128. In addi-
tion, each OFDM symbol also considers 10 cyclic prefix
(CP) samples for the mitigation of channel effects. The out-
put from each USRP is fed to an omnidirectional antenna
via a Vaunix LPS-402 programmable phase shifter [46]. In
this experiment, the phase shifter is merely used for holding
the omnidirectional antenna without any phase control func-
tions. However, the activation of the phase control function in
each phase shifter will enable a more power efficient hybrid
analog-digital multi-user MIMO system design [47], which
could be the future research direction of ISAC. In total, six
antennas are placed in a uniform linear array (ULA) format
at the top of the testbed with the spacing of half wave-
length. As mentioned, the second RF chain in each USRP
can be reserved for signal reception. Therefore, the exper-
iment platform can support up to a 6 × 6 MIMO-OFDM
system.

2) COMMUNICATION USERS (CUS)

In this experiment, for simplicity we emulate two users as
the receiver side. Therefore, the communication part is a
6 × 2 MIMO-OFDM system, which includes the Tx-USRP
array base station and two CUs at the receiver side. Each
CU, equipped with an omnidirectional antenna, is connected
to a USRP, which can separately process received signals.

3) RADAR BEAMPATTERN MEASUREMENT APPARATUS
(RBMA)

Due to restricted measurement environment, the entire
experiment is managed in an indoor laboratory and the
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FIGURE 3. Experiment measurement setup. (a) Laboratory floor plan. (b) Platform units arrangement. (c) Beampattern measurement strategy.

line-of-sight (LOS) channel model ensures the signal power
from each antenna is sufficiently high. The beampattern mea-
surement will be affected due to signal reflections in such
a small indoor space. Nevertheless, measuring the beampat-
tern in an anechoic chamber would significantly hamper our
ability to investigate the multipath effects in the performance
of the CUs. Therefore, we carried out the experiment in
the indoor laboratory to allow rich multipath propagation.
For the sensing part, to maximally mitigate the multipath
effect, obtain an accurate measurement of the LoS power,
and emperically measure the transmitted beampattern, we
employ a directional 6 dBi log-periodic (LP) PCB antenna,
which works from 850 MHz to 6.5 GHz carrier frequency.
To further reduce reflections that would cause pattern mea-
surement errors, we also place radiation absorbing material
(RAM) behind the LP antenna. The RAM can efficiently
reduce signal reflections with central frequency from 1 GHz
to 40 GHz.

B. EXPERIMENT MEASUREMENT SETUP
The floor plan of the experiment setup is shown in Fig. 3(a),
where the indoor laboratory is approximately 4 m wide and
9 m long. There are plenty of objects that could cause signal
reflection and blocking. For the communication part, this is
not an issue since wireless channel will be measured in real
time and precoding will be applied correspondingly to mit-
igate the MIMO transmission interference. Moreover, this
experiment employs OFDM signals instead of single-carrier
signals. Therefore, the multicarrier structure of OFDM sig-
nals is robust to multipath channel effect. Commonly, pilot
symbols are used to estimate CSI, which will be used to
equalize channel effects using a one-tap equalizer.

The three-dimensional platform setup for the communi-
cation part is the following. The location for the Tx-USRP
Array and CUs are labelled in Fig. 3(b) where two users are
placed in front of the base station. The horizontal distance
between two users is 1.4 m and each user is 1.4 m away
from the base station. Due to the limited space, to obtain suf-
ficient measurement at various signal-to-noise ratio (SNR),
we will maintain the total signal transmission power while
adjusting noise for each measurement. To have a flexible
and precise control of SNR, we add noise at the receiver
side using software. Therefore, we measure received SNR
at the user side. The antenna array at the base station is
1.5 m above the floor and the two users are placed 1.5 m
above the floor as well. For the beampattern measurement
antenna, it is placed 2 m away from the base station and
1.5 m above the floor.
The beampattern measurement strategy is demonstrated in

Fig. 3(c) in which the beampattern measurement apparatus
will measure the signal power every 18 degrees with a radius
of 2 m. Therefore, it will measure 10 points considering 180
degrees. To ensure accurate measurement, the beampattern
measurement apparatus is placed at the same height with
the base station antenna array. It should be noted that the
experiment platform employs small dipole antennas for sig-
nal transmission. The size of each dipole antenna is similar
to one wavelength λ when considering the carrier frequency
fRF=2.4 GHz. Therefore, the beampattern measurement at
a 2 m distance is greater than 2λ [48] and is practically
within the far-field range. In addition, to mitigate multipath
effect to the beampattern measurement, we use a 6 dBi LP
PCB antenna, which has a narrow and focused radiation
beam. Therefore, it can focus on the LOS signal collection
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FIGURE 4. Frame and resource block structure for the dual-functional sensing and communication multiuser MIMO signal.

within its beam range and avoid potential multipath signal
collections from other reflection directions. For the sensing
part, we have a stand-alone RF chain in a USRP for the
beampattern power measurement.
The beampattern power computation is based on received

symbols. Since each symbol has real and imaginary parts,
therefore the power will be calculated as

P = 1

Q

Q∑
k=1

[
�(xk)2 + �(xk)2

]
, (14)

where xk indicates the kth received complex symbol and 1
Q is

the scaling factor for average power computation. �(·) and
�(·) indicate the real part and imaginary part of a symbol,
respectively.

C. FRAME DESIGN AND CHANNEL ESTIMATION
1) FRAME STRUCTURE

The frame structure for this experiment follows the 3GPP
standardized 4G requirement [5] and reused from [42]. The
frame structure is shown in Fig. 4 where 20 resource blocks
are combined to form one frame. The time duration for one
frame is 10 ms. We consider an indoor channel environment
with slow channel variations, therefore the first resource
block is reserved for signalling overhead, which will be
used mainly for MIMO channel estimation. In this case, the
MIMO precoding is only operated once every 20 resource
blocks, which greatly reduces signal precoding complexity.
Each resource block includes seven OFDM symbols and
the first resource block has a unique OFDM symbol allo-
cation scheme. The interference from MIMO antennas can
be solved via transmitter precoding based on estimated CSI,
which indicates the importance of accurate CSI estimation.
To avoid interference to CSI estimation, we multiplex the
overhead at each antenna in time-domain as illustrated in

Fig. 4. In this case, even though the data part is interfered,
the overhead part is interference free. It should be noted that
to mitigate potential channel and hardware imperfections, an
additional downlink pilot is applied for all the data streams.

2) MIMO CHANNEL ESTIMATION

Based on the interleaved overhead structure in Fig. 4, we
define a pilot matrix as

P =

⎡
⎢⎢⎢⎢⎢⎢⎣

p1 0 0 0 0 0
0 p2 0 0 0 0
0 0 p3 0 0 0
0 0 0 p4 0 0
0 0 0 0 p5 0
0 0 0 0 0 p6

⎤
⎥⎥⎥⎥⎥⎥⎦
, (15)

where p1, p2, p3, p4, p5, p6 are one pilot symbol at each
antenna.
The system is in a 2 × 6 channel model with the matrix

format as

H =
[
h11 h12 h13 h14 h15 h16
h21 h22 h23 h24 h25 h26

]
. (16)

Therefore, after the MIMO channel and additive white
Gaussian noise (AWGN) contamination, the received symbol
matrix is expressed as

[
y11 y12 y13 y14 y15 y16

y21 y22 y23 y24 y25 y26

]
= HP +

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

z11 z21

z12 z22

z13 z23

z14 z24

z15 z25

z16 z26

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

T

,

(17)

where ym,n indicates the received symbols at the mth user
from the nth antenna. Therefore, the MIMO channel matrix
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FIGURE 5. Experiment results in user side constellation diagram measurements and Tx-USRP side omnidirectional beampatterns.

can be calculated regardless of noise via

Ĥ =
[
y11/p1 y12/p2 y13/p3 y14/p4 y15/p5 y16/p6

y21/p1 y22/p2 y23/p3 y24/p4 y25/p5 y26/p6

]
.

(18)

Based on the estimated MIMO channel matrix Ĥ, the
Tx-USRP Array can do signal precoding such that MIMO
antenna interference can be avoided.

3) OFDM CHANNEL ESTIMATION

Multicarrier signals can effectively convert a multipath effect
into an equivalent diagonal composite matrix due to the use
of Fourier transform. Unlike the MIMO channel matrix H,
we define a new channel matrix G for the multipath effect.
Following the AWGN channel distorted signal expression
in (6), the new expression considering multipath is give by

y = GFpg + z, (19)

where pg is the downlink pilot symbol defined in Fig. 4.
After demodulation at the receiver, the distorted signal is

expressed as

rg = F∗GFpg + F∗z = Dpg + wz, (20)

where D=F∗GF is an diagonal matrix, in which its diagonal
elements diag(D) can be extracted for one-tap equalization
such that multipath, imperfect timing, phase offset and power
distortion will be removed.

D. EXPERIMENT RESULTS
We practically verify the trade-off between communications
and sensing functions. The Tx-USRP Array, two receiver
side users and the beampattern measurement apparatus are
placed following the floor plan in Fig. 3(a). At the begin-
ning, we will not add AWGN to the testbed and just check

the functionality of the communication part and sensing part.
To evaluate the trade-off between communication and beam-
pattern, we test different representative values for γ such as
γ=1, 0.9, 0.5, 0.2, 0.1, 0.
The measured results for omnidirectional systems are

shown in Fig. 5 where different values of γ are configured.
In this result, we plot the theoretical transmitter side beam-
pattern from Tx-USRP Array based on the estimated MIMO
channel matrix in (18). Since the measurement at this point
is not affected by over-the-air multipath, its beampattern can
be used as a benchmark for practical beampattern measure-
ment. It is observed that small values of γ will degrade
communication performance evidenced by the fact that the
constellation points are more scattered. However, the beam-
pattern becomes better when the value of γ reduces. With the
increase of γ , constellation points are more focused leading
to potentially better BER performance but at the cost of more
distorted beampatterns. Accordingly, it is clear that there is a
trade-off configuration between communication performance
and beampattern quality. Based on the observation in Fig. 5,
it is obvious that when γ is large sufficient, it will provide
a pure communication achievable waveform. The trade-off
value can be reduced to γ=0.9 such that constellation points
are clearly separated while the beampattern is still roughly
in a perfect beampattern shape.
For the directional system measurement illustrated in

Fig. 6, its trade-off variation is more obvious. When γ=0.2,
0.1, 0, the communication is greatly degraded since con-
stellation points are scattered and rotated. However, the
above systems show high quality beampatterns. When γ is
increased to 0.5, constellation points start to appear. Further
increasing γ to 0.9, the constellation becomes even bet-
ter with a reasonable beampattern. Therefore, similar to the
omnidirectional results in Fig. 5, γ=0.9 can be thought of
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FIGURE 6. Experiment results in user side constellation diagram measurements and Tx-USRP side directional beampatterns.

FIGURE 7. Measured Omnidirectional and directional beampatterns when γ=0.9, 0.5, 0.

as a desirable setup for directional sensing where still a clear
beam is obtained with a peak to side lobe ratio (PSLR) of
6 dB. It is noted that γ=1 indicates pure communication
systems. Therefore, the obtained beampatterns for the direc-
tional and omnidirectional design in Fig. 5 and Fig. 6 are
identical.
Beampatterns are measured and included in Fig. 7 where

it is obvious that the three directional beampatterns show
peaks at θ=0◦ while all other angles have lower normalized
power. In this case, a directional beampattern is obtained and
it is in good agreement with the ideal pattern at Tx-USRP
Array in Fig. 6, but with a reduced PSLR of about 4 dB.
For the omnidirectional beampattern measured in Fig. 7, the
measured patterns are not flat as expected from Fig. 5 but
are within 3 dB. It should be noted that the aim of the
ISAC beam in this work is to detect activity based on power

measurement while channel estimation aims to compute CSI
based on pilot symbols. In our current experiment, we only
measure beam power and therefore the sensing beam can-
not be used for channel estimation. However, once we can
recover the data from the ISAC beam, it can be used for
channel estimation.
Constellation diagram is a visual way to tell the

performance of communications. Fig. 8 compares constella-
tion performance in terms of EVM for omnidirectional and
directional ISAC systems under different values of γ . As
expected, the EVM for both omnidirectional and directional
systems becomes better with the increase of γ . In addition,
the EVM of omnidirectional systems outperforms directional
systems at all values of γ . Moreover, it is observed that the
variations of γ have smooth impact on omnidirectional com-
munication systems while its value changing has great effect
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FIGURE 8. Measured EVM versus γ for omnidirectional (Omni) and directional (Dir)
ISAC systems.

FIGURE 9. Experiment BER measurement for different omnidirectional (Omni)
systems.

on directional communication systems especially when the
value of γ is between 0.9 and 1. The above discoveries
can be explained based on the observations from Fig. 5 and
Fig. 6.
For a complete BER versus SNR measurement, we main-

tain the total transmission signal power and tune noise power
such that various SNRs can be obtained. Fig. 9 demonstrates
the measured BER for omnidirectional systems. It is clear
that the pure sensing scenario corresponding to γ=0 exhibits
the worst BER performance when γ=0. The pure commu-
nication scenario shows the best performance when γ=1.
All other values of 0 < γ < 1 show a trade-off between the
BER performance and the beampattern quality. As explained
before, for γ=0.9 there is approximately 2-3 dB gap with the
pure communication system when γ=1. Jointly considering
the measured beampattern of γ=0.9 in Fig. 7, it is inferred
that an ISAC system can realize dual functional communi-
cations and sensing at the cost of BER performance loss.
BER variations for directional systems are more obvious in

FIGURE 10. Experiment BER measurement for different directional (Dir) systems.

Fig. 10 where the performance gap between γ=1 and γ=0.9
is increased to around 8 dB. The reason can be observed by
constellations in Fig. 6 and EVM in Fig. 8

VI. SENSING APPLICATION USING THE TESTBED
In this section we present an elementary experiment to val-
idate the sensing performance of the ISAC design. We note
that our indoor facilities, limited by signal carrier frequency,
bandwidth and receiver antennas, do not allow for a clas-
sical radar angle-range-Doppler estimation for the given
operational frequency of our testbed. The antenna array is
configured at the transmitter side rather than the receiver
side, and therefore it cannot accurately measure angle of
reflected signals. Moreover, the initial objective of our ISAC
experiment is not for traditional radar detection but for an
activity detection scenario as shown in Fig. 11(a) using the
directional beam demonstrated in the previous section. The
aim is, employing the directional beam from our designed
ISAC waveform, to detect the presence of an obstacle. We
use this setup to emulate the detection of a person crossing
the directional beam. The application itself doesn’t need to
know the target distance and velocity. The application can
only be achieved by our proposed waveform since traditional
designs cannot support multiuser MIMO communication and
directional sensing at the same time. In particular we use
an radiation absorbent material as an obstacle to emulate
the presence of a person, and measure the received power
over the direction of the sensing beam for the different posi-
tions of the obstacle between Locations Lo-A to Lo-E in
Fig. 11(d).
The floor plan of the measurement setup is demon-

strated in Fig. 11(d) where the Tx-USRP Array, CU-1,
CU-2 and Ant are placed in fixed locations. We merely
change the object locations and place the object in five
different locations in Fig. 11(d) and operate five separate
measurements.
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FIGURE 11. Indoor people counting application scenario using the ISAC experiment setup. (a) Proposed people counting scenario. The ISAC transmitter is placed at the top
aiming to work vertically. However, the ISAC transmitter placement is flexible and it can work horizontally as well. (b) The object used to emulate a person in the experiment.
(c) The placement of the object at Lo-A as one example. (d) Indoor experiment setup floor plan.

FIGURE 12. Normalized power measurement with error bars at each location when
ISAC based multiuser-MIMO system is deployed.

The normalized power measurement at five locations is
illustrated in Fig. 12, in which it is obvious that the power
measured at location Lo-A, when the emulated obstacle is
blocking the sensing beam, is greatly degraded compared to
the power measured from other locations. The deviation of
the measured power in the different locations is shown by the
red bars in the figure. Beneficially, since the ISAC waveform
in this work can steer a directional beam towards a location,
therefore the error bar computed at one location would not

FIGURE 13. Detection probability.

overlap with others from adjacent locations. Accordingly,
using the power levels in Fig. 12 and applying a simple
detection threshold, we can detect the presence of the obsta-
cle in a directional beam, i.e., detect a person crossing the
beam.
Detection probability is also plotted in Fig. 13 where the

probability of detection PD and the false alarm probability
PFA are defined by

PD = Pr(received power ≤ γ |obstacle presence), (21)
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PFA = Pr(received power ≤ γ |obstacle absence), (22)

We can emulate the detection probability using the mea-
surements for Lo-A, and the false alarm probability using
Lo-C and Lo-D. Since the directional beam is robust to envi-
ronment variations outside location Lo-A, Fig. 13 shows that
the experiment testbed can accurately detect the existence of
the object with a 4 dB gap achieved between true detection
and false alarm. Accordingly, between our communication
BER results in Fig. 9 and Fig. 10, and our sensing results in
Fig. 12 and Fig. 13, this experiment has demonstrated the
dual functionality of the presented transmission scheme.

VII. CONCLUSION
This work designed an over-the-air multi-user MIMO-
OFDM testbed to validate a dual-functional sensing and
communication waveform. Over-the-air experiments reveal
a graceful trade-off between the performance for both
sensing and communication functions. Practical measured
sensing beampatterns have reasonable radiation shape com-
pared to simulation results. The BER results demonstrate a
performance degradation of 2.5 dB relative to pure com-
munications when omnidirectional radiation waveform is
applied while the performance loss is widened to 8 dB
when a directional radiation waveform is used. In terms
of sensing functionality, the ISAC beam can correctly detect
activity variations with a 4 dB protective decision gap. The
successful experimental validation of the trade-off between
communication and sensing performance using the dual-
functional ISAC waveform can boost the future research
on new communication waveform and sensing beampattern
design.
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