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Abstract—Beam-steering has great potentials for joint commu- arrays generally work on high frequency bands and hence have
nications and sensing, which is becoming a demanding feater |arge propagation loss. In this case, sensing requires- time
on many emerging platforms such as unmanned aerial vehicles varying directional scanning beams, while communications

and smart cars. Although beam-steering has been extensiyel . tabl d tel inted b ¢ hi |
studied for communications and radar sensing respectivelyits '€9qUIr€ Stablé and accurately-pointed beams 1o achiege lar

application in the joint system is not straightforward due to BF gain.
different beamforming requirements by communications and In this paper, we present a framework for JCAS using
sensing. In this paper, we propose a low-cost system framewo heam-steering that allows seamless operation of JCAS, and

which allows seamless operation of communications and seng, 5,056 novel BF design to enable accurate sensing with-
using two small-size steerable analog antenna arrays. We gvide

system architecture, high-level protocols, detailed sigad model, out compromising Comm_unlcatlon perfo_rmanc_e. To our best

novel beamforming design and advanced 1D compressive semgi Knowledge, this is the first work that investigates how to

algorithms for joint communications and sensing. We also povide integrate analog BF into a JCAS system with multicarrier

preliminary simulatic_)n regults whi_ch validate the effectiveness of modulation and packet transmission. Our main contribistion

the proposed technique in resolving closely located objext are as follows: (1) we propose to use two steerable analog
antenna arrays to balance system performance and conyplexit

I. INTRODUCTION These analog arrays use digitally controlled phase shiftar
m steering, as well as attenuators when necessary which

. . . beal
There have been increasing demands for systems with bgﬁéble more flexible beam generation. Using two arrays can

communications and (radar) sensing capabilities, on eim;rgnot only reduce leakage signal from the transmitter to wecei

platforms such as unmanned aerial vehicles and smart ¢ Fch is essential for making sensing work efficiently, but

[1]& [2]. Serllsmg Lechndlques atre et\.IOIV't?]g towz.atr.ds ad\égncg%o provide great flexibility in designing BF and operation
pattern analysis, based on estimating the position andisp odes; (2) Instead of generating a conventional single beam

of objects in surrounding environment. Instead of having t e propose a system architecture and protocol which esploit

sezarate TSySt%rgiS't 'f pﬁSS'ble t(i dgvtelop {O'T:] c?[mmftmn:? arrays’ multibeam capacity, and investigate how to conégur
and sensing ( ) techniques to integrate the two furet eams to meet and balance the different requirements for

into one system by sharing hardware and signal processgghsing and communications; and (3) we formulate the signal

modules, and achieve immediate benefits of reduced c ocessing and parameter estimation problems matherhgtica

size, Weight, and bett_er spectrum eﬁicie_ncy. A_n integrgt q’nd propose advanced 1D Bayesian Compressive Sensing
system will also benefit from mutual sharing of informatio BCS)-based solutions which are very efficient in resolving
for improved performance, e.g., using sensed environm

n . . .. .
knowledge to assist beamforming (BF) design [3]. I(Ssely located objects using overcomplete dictionaris.

Although d and dist timation has b aﬁo present preliminary simulation results that validtte
ough speed and distance estimation has Deen Wette tiveness of the proposed framework.

studied for JCAS [4], direction estimation remains as a-cha
lenging problem for portable devices. Beam-steering cbeld
a viable solution to this problem. It can also improve the Il. PROPOSEDFRAMEWORK

sensing capability for remote objects whose signals WouIdWe consider a system where two nodes perform two-
otherwise be buried in those from nearby objects. Beam-

) o ; “'Wway point-to-point communications in time division duplex
steering for communlcathns and radar Sensing r.esp.e;ctw DD) mode, and simultaneously sensing the environment
has been _stud|ed extensively. prevgr, Its ap_phcatlonS determine locations and speed of nearby objects. Using
JCAS, particularly for portable devices, is not straighifard. TDD enables better hardware sharing and avoids complex

g.?fe main cha_llenge IS ]'fhathForrI;mu_nmat;]ons_ and se|r|15|ng hz?{fﬁchronization between two-way transmissions, compared
Ifterent requirements for BF. Devices having small angeng, frequency division duplex. Each node uses two steerable

A. Cantoni’s work is supported by Discovery Project DP14T82P of the antenna arrays. On? array Is ded!cated tothe recelv_efﬂ_nbe 0
Australian Research Council. is shared by transmitter and receiver through time divisitia
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Time
consider orthogonal frequency division multiplexing (Q#p
here for its popularity in modern communications, and itSg. 2. Procedure of communications and sensing in a poipbint scenario.
strong potential for sensing [4]. The proposed framework ca

be extended to other packet-based communication systems. . ) . .
A is used for sensing only. It typically forms a narrow single

beam and scans the environment. At the end of sensing stage,
A. System Architecture there is a short transition period between transmission and

heception, as usually exists in a TDD transceiver. Thisqukri

Fig. 1 shows the diagram of the proposed transceiver. T )
; . . . also serves as a guard interval for Array 2, such that the
transmitter baseband module is common to communication ; : . )
lected signals from its own transmitter will be separated

and sensing. The baseband signal is sent to the transmiiter . . ) . .
. 7 ; rom the received signals from Node B’s transmitter in the
radio frontend (RF). An electronic switch chooses to cohnec_ . o .
. . ; coming communications period.
Array 1 to transmitter or receiver. The transmitter RF signa N . .
- . .~ In the communications stage when Node B is in the sensing
after power amplifier can also be optionally fed to the regeiv . -
: : . stage, both Arrays 1 and 2 of Node A work in the receiving
RF for cancelling leakage signal from the transmitter. e . L
|l_node, and their signals are combined and processed, pigmari

At the receiver, Array 2 is always connggted to the Rf r communications, and optionally for sensing. Sensingis
and Array 1 is only connected through a digitally controlle

phase shifter when the node itself is not transmitting arlgl on ase uses transmitted signal from Node B.

receiving signal from the other node. Adding Array 1 can )

ideally double the BF gain in this case, where signals froffy Formulation of Signal Model

the two arrays are constructively added together by a cagnbin  We consider uniform linear antenna arrays and planar wave-
before the RF module. Sensing and communications at tient in this paper. Each array hag antennas equally spaced
receiver baseband share some processings such as dis@lete The array response vector for an angle-of-departing
Fourier transform (DFT), channel estimation and equatimat (AoD) 6, or angle-of-arrival (AoA)d, is given by

but are largely different. The receiver baseband also dscep a(0) = 1 e—drsin(0) e—jﬁ(M—l)sin(@)]H 1)
feedback from the transmitter baseband, mainly for getdng ’ B ’

clear sensing signal by removing the data symbols from théerex = 2wd/\ and X is the wavelength, ané is for either
received signal. 0, or 6,.

Fig. 2 illustrates the proposed procedure of JCAS betweenin the OFDM system, lefV denote the number of subcar-
two nodes A and B. From the receiver's viewpoint, ongers andB the total bandwidth. Then we get the subcarrier
complete cycle for each node includes two stagagive interval fo = B/N and OFDM symbol periody = N/B+T,
sensing, and communications and passive Sensing. We refer whereT), is the period of cyclic prefix. The baseband signal
active and passive sensing to the cases where sensing isign@l the transmitter can then be represented as
transmitted by the node itself and by other nodes, respygtiv  LH=~

: ; : . s=F"s, (2)
The major difference between them is that the transmitted
signal is known to the receiver in the former while it isvhere s is the N x 1 data symbol vectorF is the DFT
typically unknown, but may be decoded, in the latter. Fanatrix, ands is the time domain signal. Le{(¢) denote the
simplicity, we will call them as sensing and communicationtime-domain baseband signal with cyclic prefix appendeé. Th
stages hereafter. Using Node A as an example, we desciignal transmitted from the antenna array is
the detailed implementations in the two stages below. B 3

In the sensing stage of Node A, when Node B is in the x(t) = s(t)wi, (3)
communications stage, the transmitter uses Array 1 to fonvherew, is the transmitter BF vector.
multiple beams, with one beam pointing to Node B and other For sensing, considdr reflected signals by obstacles, with
beams adapting to the sensing requirement. Array 2 of NodeDs and AoAs#; , and#,. ., respectively. The time-varying



physical channels between tldé transmitting and receiving required, similarly for the receiver in the communications
antennas can then be represented as stage. We want transmitter scanning beam to be directional
I too, so that sufficient energy could be reflected for sensing.
H-= Z bed(t — 7o)’ fretaT (0, ) @ a(f,.,), (4) Theirdirectivity can also assist the coarse estimation ab#
=1
where for the/-th multipath,b, is its amplitudes is the prop- B. Our BF Design

agation delay, and’p, is the associated Doppler frequency Assume that each packet ha§ N, consecutive OFDM
that causes time varying di. symbols, indexed fron, - -- , N, N,. Considering the basic
For communications, we can use the same expression asigfjuirements above, our proposed BF design are as follows.
with different parameter values. These multipath signaés a (1) Fix w; during one packet. Design w, to generate
caused more likely due to different propagation mechanismgo directional beams. One always points to the target node
such as diffraction and scattering. for communications, and the other points to a direction for
Let the receiver BF vector be,.The signal arriving at a sensing. The sensing beam scans the whole directions of
receiver array for either sensing or communications can Rferest overn, packet periods. The width and gain of the
represented as scanning beam can be different from the communication beam
y(t) which also implicitly senses a fixed direction;
I (2) For sensing, design N, different w,.s, and apply the
_ 27 oot (o, T AT _ k-th, k € [1,N,], w, to N; OFDM symbols with indexes
= ;bee (wya(fr0)) - (@ (Or0)we)s(t — 7e) + 2(1) k,k + Ng,--- ,k + (N, — 1)N4. This interleaved variation
of w,. is mainly to enable better estimation of Doppler shift,

wherez(t) is AWGN' — . which is very small and needs to be measured over a long
The processing for communications are similar to that g

i | OFDM ; E . il look int eriod. The set ofN, different w,.s can be either random
conventional SYSIEmS. o1 sensing, we Wil 100K 1N ctors fulfilling compressive sensing requirement or eext
more details in Section IV.

generating directional beams pointing A desired scanning
directions; and

(3) For communications, w,. for the two arrays shall be

Now we want to design BF vectors to meet both thgyeally jointly designed to achieve the optimal results. Due to
communication and sensing requirements, that is, stalile 3Reijr orientation difference, this could be very challenygi
high-gain beams for communications without demanding corg- suboptimal approach is to design the beamforming for
plex channel tracking, and scanning beams to enable aecugch array independently and then apply a single phase shift
estimation of time delay, Doppler frequency and A0As/AoDg, the sum signal for one array to ensure a constructive
for sensing. We assume a packet-based communication Sys¢dbining of signal energy from two arrays. If no passive
where each packet contains many OFDM symbols, and ea@hsing is required, each array can simply generate a single
node sends multiple packets to the other node in one cyclgyeam pointing to the transmitting node; otherwise,needs to

be fixed during one packet to keep channel fixed, and hence no

IIl. DESIGN OFBF VECTORS

A. Basic Requirements scanning is implemented (Detailed design and implemantati
Firstly, there are two basic requirements for BF vectegs Will not be discussed in this paper).
andw,.: Therefore one complete scanning requiféspackets and

« w; needs to be fixed during at least one packet t3:~N-Na OFDM symbols. The width and gain for the sensing
make the channel stable for communications (This c&fid communication beams can be designed to adapt to these
be relaxed if powerful channel tracking is available); Parameters. Optimization oN;, N, and N, is yet to be

« For sensingw, needs to be fixed during at least ond'vestigated. . _ _ 3
OFDM symbol so that information symbols can be re- Note that the above interleaved designwf is specific

moved from the received signal; for communications, lp the requirement of estimating the Doppler shift using the
needs to be fixed over the whole packet. compressive sensing technique. It can be varied when needed

These two requirements can be generally satisfied, e.g., in a
typical mmWave system. Consider an OFDM system with car-!V- RECEIVER SIGNAL PROCESSING- SENSING STAGE
rier frequency24GHz, bandwidthB = 80MHz and N = 128 The basic task in sensing is to determine distance, dimgctio
subcarriers. The OFDM symbol period is abdut= 1.6us. and speed of environmental objects from received signatf, a
Within 1ms which approximately equals to the length66f) then extract information from these parameters. They can be
OFDM symbols, the moving distance is less than 5cm forabtained through both direct estimation of parametergp ¢,
relative speed smaller thas0 m/s. With fp /75 < 0.0064, 6, and#é,, and data fusion processing over time, frequency
the Doppler phase shift can be regarded as unchanged ased spatial domains. In this paper, we only provide basic
multiple Tss. For more details on the impact of OFDMformulations for estimating these parameters without gam
parameters on sensing, the readers are referred to [4].  detailed design and optimizations.

Secondly, to ensure sufficient power for communications, Sinces is known to the receiver ang, andw,. are fixed for
at least one directional beam pointing to the target nodedsleast one OFDM symbol, we can convert the received signal



to the frequency domain and remaveia equalization. Ignore  Let Q be the output matrix of siz& x (N, V;) in the delay
the variation of Doppler phase shift ovg(T, (k+ 1)T,] and MMV formulation. In noise-free cases, its elements in fhe
approximate it as/?"/p.«¥Ts  For the k-th OFDM symbol non-zero rows shall be equal to

(t = kTs) we can get the frequency-domain channel estimate

) o j2rkfpeTs 1. 1 ...
at then-th subcarrier as QG = o€’ TP k=1, Np.Ng, (6)

where 7 is related to the dictionary size and does not nec-

L

e =S (be(w (k)a(0,.0))w? (k)a(6,.0)) - essary equal to/. Note thatg,, is a periodic function

" ; ! ' . i of k of period N, according to our choice ofv,.. Hence
gen for q; ., q; 1 q; ---, we can compute their phase

. . o " Dk U kN, Dl k2N, """

ei2mnTeoi2mkip e s o 5 /5 (5) differences to get an estimate ¢f, ,. A threshold for the

averaged cross correlation @f, can be used to extract
where z,, is the noise sample at theth subcarrier. efficient estimates.

For fixedw; andw,, g, will be a function of¢ and the Different amplitude estimates can be obtained from difiere
signal in (5) presents a form of typical radar signal procgss WS scanning the directions close to the AoA of each object.
The parameters; and fp, can be coarsely estimated byA grid graph ofpower-distance-direction that maps the power
using simple 2D DFTs, across frequency (subcarriers) amel ti of averaged cross correlation gf, to 2D distance-direction
(OFDM symbols), respectively [5]. However, this approacfrids can be obtained and used for determining AoA in refatio
generally achieves very limited resolution. to distance. Furthermore, the maximal amplitude estimate i

Resolution forr, and fp, can traditionally be improved general will correspond to the actual direction if no two
using super-resolution spectrum analysis techniques aschobjects are at the same distance. Hence we can apply a simple
periodogram and ESPRIT [5]. More recently, compressi@PProactPeak-Picking to filter the results, which picks up the
sensing (CS) techniques have been widely applied in rad4te with the maximal power as the AoA estimate from all the
imaging [6], [7]. The four parameters, AoDs, AoAs, delay’r Scanning directions for each delay estimate.
and Doppler frequency in (5) can be solved either indivigual There could be potentially various implementations and
or jointly by forming from 1D to 4D CS models. 2D csimprovements based on the MMV formulations above, such as
formulation is the typical model used for radar [6], [7]Parameter optimization, complexity reduction, interptiemn of
High-order CS formulation using the Tensor tools is alseower-distance-direction graph and off-grid adaptatitimese
emerging. However, our problems here involve overcomplei€e our ongoing research topics.
dictionaries for estimating all these parameters due tar the
continuous nature and small spanning in respective domains V. SIMULATION RESULTS

Since higher dimension CS algorithms for solving problems \ye hresent some preliminary simulation results to validate

with overcomplete dictionaries are not mature yet, we psepoy, proposed framework. We consider a system with param-
a novel 1D Bayesian Compressive Sensing (BCS) formulatigf, s detailed in Section 11I-A wherd, = N, = N, = 8

here which is powerful for solving such problems and coulg _ 8. The transmission power i$0dBm. No radar cross-

promise lower complexity than its higher order peers. section information is assumed and this example is purely
For a BCS formulation, there can only be one commaiysed on free-space pathloss. We assume a free-spacespathlo
weight applied to the column in the dictionary matrix. Thignodel with path-loss factot for sensing, and the total thermal
limits the ways of formulating the BCS problems, and is thgpjse in the receiver is-95 dBm. The vehicle is moving at
main reason for the interleaved designvaf in Section IlI-B.  speed 40 m/s, and obstacles have random speed between -
To estimater,, we can treat the Doppler phase term ang0 and 20 m/s. The interpolated DFT matrix is used as the
ge,k In (5) as varying amplitude over different measuremengiictionary with an interpolation factor of 4. Delays are aitg
for the delay phase term, and then formulate it as a multipdéd correspond to a distance resolution of 0.93m. Contisiuou
measurement vector (MMV) BCS problem. This MMV forualues are used for speed and hence Doppler shift. Both AoAs
mulation has an overcomplete dictionary of interpolated’ DFand AoDs are on grid with a resolution of 2.8 degrees. We use
matrix with dimensionV x p,. N wherep, is the interpolation 64 differentw,.s (phase-only) to generate directional beams to
factor. The observation matrix can be as largéVas (N, N;), scan 64 directions spaced at 2.8 degrees, over 8 packets.
with signals from N subcarriers acrossV, N; consecutive  \We use the iterative two-step least squares method in [8] to
OFDM symbols. EveryN,N; symbols will generate one generate two beams simulatanously, with one beam fixed to
MMV estimate for7, and the corresponding amplitudes.  a direction and the other one scanning a range of about 180
The estimation offp ¢, A0As and AoDs can be similarly degrees. In Fig. 3 we show such beams for a 8-antenna array.
formulated across different domains of signals. Due to tfi® generate such beams,; uses both continuous magnitude
limited number of rows in the observation matrices, owand phase values.
preliminary simulation results show that their estimates a We present estimation results far, fp , and AoAs from a
not as accurate as the delay estimates for which the numbardom implementation using 512 OFDM symbols here. Fig.
of rows is a largeN. Hence, we propose a different novelt demonstrate the power-distance-direction plot. Figsn& a
approach that directly estimate, , and AoAs from the 6 show the estimation results for distance-AoA, and redativ
estimated amplitudes in the MMV outputs far. speed-distance, respectively. In all figures, red circlesfar



(@) (b)

Comm direction % %
ot 60 60
. Sensing direction 20 20
o 2T 1 30 30
S
2 10 x 10
c1l5 ] X
o)
IS X
= 1+t § B ® O
0 x 2 0 0 2 0
Q§ Q§
0.5 / \ 1
ARAS DS x X
0 R A AN X &= ® & ®
-2 0 05 1 15 2 % 30 -30
angle (radius)
Fig. 3. Multibeam for communications and sensing. One beafixeéd to -60 -60
communication direction. The other beam scans multiplesisgndirectio 90 90

Fig. 5. Estimation of the distance (meter) and AoAs (degrees

eed (m/s)

sy » a1 a1 D

o o O U1 O
)

%

*

Distance (m)
&
®

Relative speed
N W
o O

®
]

-80 -60 -40 -20 0 20 40 60 80 6 8 10 12 14 16 18 20 22 24
AoA (Degrees) Distance (m)

N
o

=
a1

Fig. 4. Power-distance-direction plot where colormap shpawer in dB. Fig. 6. Estimation of the distance (meter) and speed (m/s).

actual values, and blue crossings are for the estimates. Fig REFERENCES

5_'(a) presents the_orlglnal distance estimatesNpiscanning [1] L. Han and K. Wu, “Joint wireless communication and Radansing
directions ofw;. Fig. 5.(b) demonstrates the cleaned results systems - state of the art and future prospe¢E["Microwaves, Antennas
after applying the Peak-Picking approach. In this paréicul _ Propagation, vol. 7, no. 11, pp. 876-885, August 2013.

le. th . . luded obi b b.éz P. Kumari, N. Gonzalez-Prelcic, and R. W. Heath, “Inigsting the IEEE
example, there Is one mis-excluded object because twotsbj 802.11ad standard for millimeter wave automotive radar,VTC Fall,

locate at the same resolved distance bin. Fig. 6 demonstrate 2015 IEEE 82nd, Sept 2015, pp. 1-5.

the Corresponding speed estimation. [3] N. Gonzalez-Prelcic, R. Méndez-Rial, and R. Heath ‘Radar aided
mmWave beam alignment in V2l communications supportingerame

diversity,” in Information Theory and Applications Workshop (ITA),

VI. CONCLUSIONS January 2016. _ . . .
[4] C. Sturm and W. Wiesbeck, “Waveform design and signalcessing

We have presented a framework of using beamforming with aspects for fusion of wireless communications and radasisgji Pro-
two steerable analog antenna arrays for joint communicg- Ceqings of the IEEE, vol. 99, nio. 7, pp. 12361259, July 2011,
. . . . M. Braun, “Thesis: OFDM radar algorithms in mobile com-
tions and sensing. We demonstrated that using the propoSechication networks,” 2014. [Online]. Available: http:/iib.ubka.uni-
technique, it is possible to integrate sensing into OFDM Kkarlsruhe.de/volltexte/documents/2987095 _
communications using two directional beams for transroissi [ M: A. Herman and T. Strohmer, “High-resolution radar wampressed

. A . . ; sensing,”|IEEE Transactions on Signal Processing, vol. 57, no. 6, pp.

and a single scanning beam for receiver sensing, without 22752284, June 2009.
requiring special packet structures. Simulation resudtiglate [7] M. A. Hadi, S. Alshebeili, K. Jamil, and F. E. A. EI-Sami&ompressive

that the proposed novel 1D Bayesian compressive sensing carﬁf”s'”gnzp‘\’/'(')‘fdgtonr(‘;"di“ S%’St;g"_sszga’;gl’g“"@g“m' Image and Video

efficiently resolve closely spaced objects and their moving z. shiand z. Feng, “A new array pattern synthesis alganitusing the

speed within the framework. Among many possible improve- two-step least-squares methotEEE Sgnal Processing Letters, vol. 12,
; ; no. 3, pp. 250-253, March 2005.

ments, better post-processing to extract valid AoAs from th

power-distance-direction graph is a priority researctbam.



