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ABSTRACT Integration of communication and radar functions with a single waveform has been actively
investigated in various wireless communication applications, including unmanned aerial vehicles (UAVs).
This means that communication frames consisting of a pilot part and subsequent data part can be utilized to
transmit information and detect the surrounding objects simultaneously. Because a predetermined waveform
is required for the radar function, the pilot part in the communication frame can be utilized for radar purposes.
Specifically, the pilot is used for both channel estimation, which is required for data decoding, and a radar
waveform. Assuming that the length of the pilot and data parts is given and the transmit energy for each frame
is limited, the optimal transmit power for the pilot and data parts can be analytically obtained by considering
both radar and communication performance metrics. The optimality of the proposed analytical solution was

verified through numerical simulations.

INDEX TERMS Joint communication-radar, achievable rate, channel estimation, CRLB, optimization.

I. INTRODUCTION
Recently, various wireless communication services using
unmanned aerial vehicles (UAVs) have emerged [1]-[4].
In these applications, low-latency high-speed data transmis-
sion between UAVs and ground base stations (BSs) is an
essential requirement. In addition to wireless information
transmissions, it is important to estimate the location of the
objects in the air, i.e., the UAVs, using a radar waveform. Such
location information is required for the trajectory control of
UAVs and wireless communications. In particular, the loca-
tion information of UAVs is beneficial for fast link setup and
handover operations in wireless communication networks.
Generally, radar and communication systems can be imple-
mented as independent, i.e., separate, systems. However,
if two functions are performed simultaneously using a sin-
gle waveform, their spectral utilization can be efficient in
various respects. To realize such joint communication-radar
(JCR) technology, some researches on it have been actively
conducted [5]-[10]. For example, a JCR system based on
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IEEE 802.11ad waveform, i.e., a 60 GHz wireless local area
network (WLAN) packet, was proposed in [8]. When a high
frequency (e.g., 60 GHz frequency) is used as a carrier fre-
quency, transmitted signals are generally concentrated in a
specific direction through beamforming to compensate for
severe pathloss. Therefore, in the initial link-setting process,
a beam-sweeping operation, which determines the optimal
beam direction among various potential beams, is required.
However, it is possible to reduce the burden on the initial
link setting significantly by utilizing the radar function even if
the location information of the UAV terminals is known only
approximately.

In [8], the optimal preamble design, i.e., the pilot duration,
which exploits the trade-off between radar parameter esti-
mation accuracy and communication rate, was investigated.
In [9], radar sensing-throughput tradeoff for JCR-based cog-
nitive radio vehicular ad-hoc networks was investigated.
Specifically, an optimal sensing duration maximizing the
secondary throughput under a constraint of primary network
protection. The authors of [10] proposed a dynamic frame
structure configuration for sensing and communication func-
tions based on the 5G NR protocol in 28 GHz frequency band.
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The best time duration allocation ratio for dual functions
was investigated by using age of information and game
theory. However, the role of the pilot part in communica-
tion, e.g., the channel estimation effects, was not considered
in [8]-[10]. To overcome such a limitation, we investigate the
effects of pilot resources on both communication and radar
performances.

The packet-type communication signal consists of a pilot
part (or training part) for initial synchronization and channel
estimation and a data part, through which actual information
is transmitted. In a bistatic radar operation scenario, in which
a transmitter and the corresponding receiver are physically
separated, the bistatic radar estimates the location of the
target after the receiver receives a predetermined radar signal
transmitted from the transmitter. In other words, the pilot
part of the communication signal frame can be used for a
predetermined radar waveform. Accordingly, the pilot signal
is used for channel estimation in the communication receiver
and position estimation of the target in the bistatic radar
receiver.

The original purpose of communication is information
transmission. The channel capacity of the data part, depend-
ing on the channel estimation, can be a performance measure.
Specifically, the channel estimation error, which depends on
the pilot power allocation and signal-to-noise ratio (SNR),
can be an additional noise source for the data part. If the
lengths of the pilot and data parts are fixed and the power
of the two signal parts can be adjusted under the overall
energy constraint for each frame, we can analytically evaluate
the communication performance, i.e., the channel estimation
based achievable rate. The well-known Cramer-Rao lower
bound (CRLB) of range estimation in a radar function is
an additional performance measure. Hence, to design the
frame structure in JCR systems, we must consider both the
performance measures simultaneously. The power allocation
to the pilot and data parts, which is optimized with respect
to the weighted sum of these two performance measures,
i.e., the channel estimation based achievable rate and CRLB
of range estimation, can be analytically obtained. In other
words, we investigated the trade-off between the communi-
cation and radar functions depending on the frame structure
design, i.e., the pilot power allocation.

The contribution of this paper can be summarized as
follows:

« A utility function considering both communication and
radar performance measures is defined. For the commu-
nication performance metric, an achievable rate based
on channel estimation with the pilot signal is consid-
ered. CRLB of range estimation with the pilot sig-
nal is adopted as a radar performance metric. Then,
the proposed utility function is a weighted sum of the
achievable rate and CRLB. In JCR systems, the priority
between the communication and radar performance can
be expressed by adjusting the weight coefficient.

o An optimal power allocation problem to pilot and
data parts in a JCR frame structure is formulated.
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FIGURE 2. Communication frame structure including the pilot and data
parts.

The solution to the formulated optimization problem is
derived analytically. The characteristics of the optimal
solutions are discussed. The validity of the analytical
solution is examined through numerical simulations.
The rest of this paper is organized as follows: In Section I,
we present the system and signal models. The performance
measures for communication and radar functions are exam-
ined in Section III. A utility function for JCR systems and
an optimization problem maximizing this utility were intro-
duced in Sections IV and V. Section VI provides numerical
results to verify the analytical results. Finally, Section VII
concludes this paper.

Il. SYSTEM AND SIGNAL MODEL

As shown in Fig. 1, a ground BS transmits a communication
signal to send information targeted to an UAV. Simultane-
ously, the bistatic radar receiver receives the reflected signal
to estimate the position change of the UAV. In this JCR
scenario, the communication frame, which consists of pilot
and data parts, as shown in Fig. 2, is transmitted for both
purposes. At the UAV, channel estimation is performed before
decoding the data part. The UAV decodes the data based
on the channel estimate. At the bistatic radar receiver, e.g.,
another ground BS, the position of the UAV is estimated using
the pilot part in the reflected communication frame.

In the outdoor applications, a global navigation satel-
lite system (GNSS), e.g., global positioning system (GPS),
is available in most of cases. To acquire the position informa-
tion of UAVs, however, additional information transmission
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from the UAV to the ground BSs, which are not the serving BS
but neighboring BSs, is required. It can be burden for network
operation. In urban areas with lots of high buildings and
indoor applications, the accuracy of GNSS-based position
estimation may not be acceptable. Therefore, the proposed
JCR technique can be a potential solution for UAV networks.
Additionally, vehicle-to-everything (V2X) or airplane net-
work can be considered as another application.

As shown in Fig. 2, the durations of the pilot and data parts
are denoted by T), and Ty, respectively. P and T are the trans-
mission time and average power of the whole frame. Then,
the total energy of the entire frame is denoted as PT. The
transmission powers of the pilot and data parts are denoted as
P, and Py, respectively. Therefore, the following constraints
can be obtained.

T =T, + Ty, ()
PT = P,T, + PyTy. 2)

In this study, we fix the durations, i.e., the numbers of sym-
bols, in the pilot and datapartsas 7, = land Ty =T — T, =
T — 1. Although T;, > 1 in practice, we fix T, = 1. For
other pilot duration values, the main results of this study can
be easily extended.

The received signal at the UAV is expressed as

_ hpn]+wln], n=1

rn] =
hd [nl+wl[n], n=2,...,T

3)

where £ is the channel gain between a ground BS, i.e., a trans-
mitter to the UAV, p [n] and d [n] represent the pilot and data
symbols at time n, respectively, and w [n] ~ CN (0, 1), i.e.,
a complex Gaussian random variable with zero mean and unit
variance, is the additive white Gaussian noise (AWGN).

In air-to-ground (A2G) networks with UAVs locating at
sufficiently high altitude, a probability of line-of-sight (LoS)
channel is much higher than that of non-LoS (NLoS) chan-
nel [11]. Additionally, we cannot obtain acceptable perfor-
mance in milli-meter wave (mmWave) or sub-THz channels
if an LoS path is not guaranteed. From these facts, we adopt a
simple channel model without fading effects is considered.
An extension to more practical channel models including
fading effects can be considered. In terms of system design,
however, fading effects, especially small-scale fading, cannot
be reflected because the power allocation is performed not
with each channel realization but with an average channel
gain in practice.

Ill. COMMUNICATION AND RADAR

PERFORMANCE EVALUATION

To evaluate the achievable rate, considering the channel esti-
mation effects, we investigate the channel estimation with the
received pilot symbol 7 [r] at n = 1. Assuming a minimum
mean square error (MMSE) approach to channel estima-
tion, the variances of the channel estimate (iz) and channel
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estimation error (A = h — fz) are given by [12]

2 ~|2 1
o2 =E ‘h—h —(——), @)
h 1+ P,T,
and
~12 PyT,
o?=E||hl |= (L , (5)
1+ P,T,
respectively.

The received signals in the data part are expressed as

r[n] = hd [n] + hd [n] + w[n]
=hd[nl+z[nl, n=2,...,T, (6)
where z [n] = hd [#] + w[n]. Assuming that the additional

noise caused by the channel estimation error is Gaussian
distributed with a zero mean and variance of O’~2, the effective

noise z[n] ~ CN (O, 1+ Pdaﬁz) . Therefore, the achievable

rate considering the channel estimation is as follows:

PdU}%
Blo 1+ —— 7
82 - Pdcﬁz @)

where B represents the bandwidth of the transmit signal.

For radar performance to estimate the UAV’s location,
we adopt the CRLB of range estimation under an assump-
tion of flat spectral shape of the pilot part, which is given
as [8], [13], Chapter [7], [14]

Ty
T, + Ty

C =

2

. — (E 53) ®)
3272B2T,SNR,

where c is the speed of light, By (: %) is the root mean
square (RMS) bandwidth of the radar waveform, i.e., the pilot
signal, when a flat spectrum is assumed. SNR, = |g|2P[7
is the received SNR at the bistatic radar receiver. Here, the
channel gain between the transmitting and receiving ends of
the bistatic radar is denoted by g, and the noise at the radar
receiver is assumed white Gaussian noise with unit variance.
The radar cross-section (RCS) is an important factor to deter-
mine the radar performance of range estimation. As the RCS
increases, the power of reflecting signal increases and the
CRLB of range estimation is improved, i.e., CRLB decreases.
In this paper, the RCS is included in the channel gain of radar
signal path, g, implicitly.

The performance of radar significantly depends on the
radar waveform, i.e., pilot signal design. In the JCR system,
the pilot signal is used for both channel estimation (in com-
munication) and range estimation (in radar). For example,
a flat spectral shape of the pilot signal can allow better chan-
nel equalization of the communication system, e.g., Zadoft-
Chu sequences, and better radar parameter estimation of the
target, e.g., linear frequency modulated chirp used in automo-
tive radar. In this paper, however, the optimal power allocation
to pilot signal is considered under an assumption that a pilot
signal (pilot sequence) is optimally designed previously.
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IV. UTILITY FUNCTION OF JCR SYSTEMS

JCR systems simultaneously use radar and communication
functions with a single waveform, i.e., a communication
frame consisting of pilot and data parts. In this study, the opti-
mal transmit power allocation between the pilot and data parts
maximizes both the communication and radar performance
measures, i.e., maximizes the achievable rate and minimizes
the estimation error simultaneously, which are defined in the
previous section.

To use the performance indicators of two different charac-
teristics as an objective function of the optimization problem,
a new utility function for JCR systems was defined using
the sum of the weighted two performance indicators. From a
communication perspective, we aim to maximize the achiev-
able rate. On the other hand, from a radar perspective, a lower
CRLB indicates a more accurate estimation. Therefore, a neg-
ative weight is assigned to the CRLB. Moreover, to match
the scale of both the performance measures, we apply a log
function to the CRLB to evaluate and compare the perfor-
mance values with a communication rate, which is on a log
scale. Therefore, the utility as a function of the pilot power
allocation based on (7) and (8) is expressed as follows:

U (Pp, Pq) = weC (Pp, Pq) — wrlog g7 (Pp),  (9)

where w, and w, denote the positive weighting coeffi-
cients for communication and radar performance, respec-
tively. In this study, we fixed w, = }9. The priority between
the communication and radar performance can be expressed
by adjusting w,. That is, as w, increases, it becomes a utility
function, which emphasizes the radar performance.

V. OPTIMAL POWER ALLOCATION FOR JCR SYSTEMS
Based on the above utility function, the performance opti-
mization problem for JRC systems can be formulated as
follows:

max U (P, Py) (10a)
st. P; >0 (10b)
P,>0 (10c)
P,T, + P4T; < PT. (10d)

The above problem can be simplified according to the follow-
ing lemma, as in [15].

Lemma 1: The optimal pilot power allocation problem
given by (10) has an optimal solution when the energy con-
straint is satisfied with equality, i.e., PyT, + P4Ty = PT.

Proof: To find the solution to the power allocation problem,
we can consider the Lagrangian as follows:

L =U+MPq+ 2Py + 23 (PT — P,T, — PyTy) .

where A1, Ao and A3 are Lagrangian dual variables. The
Karush-Kuhn-Tucker (KKT) conditions are given by

% = ﬂ +Xx —Tyr3 =0, (12a)
Py Py

8—L=8—U+A2—TA3=O (12b)
aP, P, P ’

AMPg =0, (12¢)
AP, =0, (124d)
A3 (PT — PyT, — TyPq) =0, (12e)

P;>0,P; >0,P,T, +PyTqg <PT, (12f)
A =0, =>0,43 > 0. (12¢)

Here, P, = 0 or P; = 0 is a trivial solution because they
mean no power allocation to the pilot or data part, respec-
tively. Hence, we can assume that P, > 0 and Py > O.
To satisfy the complementary slackness conditions of (12c)
and (12d), we set Ay = Ap = 0. If we assume that P,T, +
P,;T; < PT, we have A3 = 0 to meet the complementary
slackness condition of (12e). Then, (12a) is rewritten by

oL 93U T, B 1—o?
— = — =W, —_ > 0.
0Py P, Tp—I—Td 1n2(1+Pd) (1+Pd0'1%>

13)

Therefore, there is no solution satisfying (12a). It means
that the optimal solution to (10) exists only when P,T, +
P,T; = PT. O

Based on the above lemma, we can reformulate the original
optimization problem as follows:

max U (Pp, Pq) (14a)
st. P, >0, (14b)
PT, + P4Ty = PT. (14c)

Therefore, the modified problem (14) has a single optimiza-
tion variable.

When T, = 1, the solution to the optimization problem in
(14) can be obtained through the following lemma:

Lemma 2: The optimal pilot power allocation that maxi-
mizes the utility function of the JCR systems, i.e., the optimal
solution to the optimization problem in (14), is given by the
largest positive root among the solutions of the following
cubic equation:

3Py + 2Py 4¢Py +co =0 (15)
where

a=—(+p)Tys—-1),

A e=Ta—-D®PT -T4 - 1) — Ca+ B) (PT —Ty),
w _ — (Tg = 1) P2 = 2(PT = T) Py + PT (PT +T) Lo L 6
APy TI2{_p2 o (PT 4+ Ty = )Py + PT +Ta | {(Ty = ) Py + PT + Ty} 10y
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c¢1 = (PT —Ty) {(a + B) PT + 28 (T4 — 1)}
co =B (PT +Ty)*,

T v
o = itz and B = f5.
Proof: To find a solution to (14), the first-order optimal-

. .. . dU(P . PT—P, .
ity condition, i.e., dl(p ») = Q0 with Py = ——2£, isused. The
P

Ty
derivative of U (P,) is given by, (16), as shown at the bottom
of the previous page.

Considering the numerator on the right-hand side (RHS)
in (16), the first-order optimality condition can be written as
the following cubic equation:

—(@+B) (Ts—1P)

+{B(Tg—1)(PT —Tqg— 1) — 2a + B) (PT — Ta)} P,
+PT —Ty){(a+B)PT +28(Ty — 1)} Py

+B (PT +Tz)* =0, (17)

Ty ow .. ..
where o = 7155 and 8 = 5. Defining the coefficient of

the ith order term with ¢;, we have ¢3 < 0 and ¢; > O for
i=0,1,2,when Ty > T),as in the practical communication
systems. This means that a cubic function, C3P2 + csz7 +
¢1P,+cop, has two critical points: one is positive, and the other
is negative. Because the y-intercept of the cubic function is
positive, the cubic function in (17) has one positive and two
negative solutions. Therefore, only the largest solution to (17)
satisfies the positive constraint P, > 0. O

Even though we assume T, = 1, actual pilot signal in
the time domain might be multiple symbols in orthogonal
frequency division multiplexing (OFDM) systems. In this
paper, we focus on a single subcarrier in an OFDM signal
for simple natation and analysis. Therefore, the results in this
paper can be extended to practical OFDM waveforms.

Remark 1: The optimal pilot power maximizing the achiev-
able rate based on channel estimation, without considering
a radar function, is lower than that maximizing a utility,
including both achievable rate and CRLB of radar estimation.

Remark 2: The optimal pilot power allocation that maxi-
mizes the utility function increases with an increase in wy.

As w, increases, the radar performance has priority over
the communication performance. Because the CRLB given
by (7) monotonically decreases as Ppdecreases, the optimal
pilot power increases to obtain a lower CRLB with a higher
priority. This has been verified in the next section.

Because the channel gain of a radar link, g, includes the
target RCS, g can be an unknown parameter. In this case,
we can consider a CRLB minimization problem under a
constraint of the achievable rate. This optimization problem
can be formulated as follows:

o, ?
min o, = W (18a)
s.t. Pg >0, (18b)
P, >0, (18¢)
P,T, +PyTy < PT, (18d)
C = Cry (18e)

52340

—— Tx Rate (w.C)

351 1
3 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8
Pilot power (P,) «10%
@
0 T T
log;y(CRLB)
-0.5} b

4.5 1 | I I L 1 :
0 1 2 3 4 5 6 7 8
Pilot power (P,) x10*
(b)
55 ‘
5 J
45 |
S 1
2
Z
=35} i
=
o)
sl J
25} i
2 I | I I ! L L
0 1 2 3 4 5 6 7 8
Pilot power (P,) x10*
()

FIGURE 3. (a) Achievable rate, (b) CRLB in log scale, and (c) utility with
respect to pilot power allocation when wy = 0.3.

where Cj.4is the minimum required data rate in a com-
munication function. To find the solution to the optimiza-
tion problem (18), we consider the Lagrangian which is
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FIGURE 4. Utility with respect to pilot power when wy = {0.1, 0.4, 0.7,
and 1.0} (marks denote the optimal solutions calculated using Lemma 2).

given by

L' = 02+ «1Py + k2Py + k3 (PT — PyT, — PaTy)

+x4(C — Creq) (19)
where k; for i = 1,...,4, are Lagrangian dual variables.
When we define k4C — arz = U, (19) is identical to the

Lagrangian of the proposed problem, (11). Here, —k4Ceq
can be ignored because it is a constant. It means that both
optimization problems of (10) and (18) can be regarded as an
identical problem.

VI. SIMULATION RESULTS

This section provides the numerical results to verify the ana-
lytical results provided in the previous section. In the sim-
ulations, the total number of symbols and average transmit
power in each frame were set as 7 = 1000 and P = 100,
respectively. As mentioned earlier, 7, = 1 and Ty = 999.
The signal bandwidth is given by B = 2.16 GHz, which is
one of the bandwidth options in the IEEE 802.11ad. To reflect
the pathloss difference in the communication and bistatic
radar links, we assumed |h|> = 1 and |g|2 = 0.0001,
i.e., the radar link had —40 dB lower pathloss than in the
communication link owing to the longer distance and high
reflection loss. Because unit noise variance was assumed, the
average SNR of the communication link became 20 dB and
that of the bistatic radar link was -20 dB. The weight for
communication performance was fixed at w, = %.

Fig. 3 shows the achievable rate, CRLB on a log scale,
and utility with w, = 0.3. The utility function defined in
(9) is concave with respect to P,. An optimal pilot power
that maximizes the utility exists and its uniqueness can be
observed. The analytical solution calculated using Lemma 2
was P;,“ = 9332.5,which coincides with the numerical solu-
tion, as shown in Fig. 3. Therefore, Lemma 2 is validated.

Fig. 4 shows the utility functions for w, = {0.1, 0.4, 0.7,
and 1.0}. Here, the circles indicate the optimal pilot powers
based on Lemma 2 calculated analytically. Furthermore, the
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optimal pilot power depends on the weight factor of the radar
performance, w,. As shown in Figs. 4 and 5, the optimal
pilot power increased as w,increased. Based on these results,
we can verify Remark 2 in the previous section.

VII. CONCLUSION

In this study, optimal power allocation to the pilot and data
parts in a frame structure for JCR systems is proposed.
To exploit the communication and radar performance mea-
sures, i.e., the achievable rate considering the channel esti-
mation effects and the CRLB for distance estimation, a new
utility function was defined. The optimal solution to the util-
ity maximization problem under a total energy constraint was
derived, and its characteristics were investigated. The validity
of the analytical results was examined using the numerical
results. In the future, optimal duration of the pilot and data
parts with fixed power allocation will be investigated [16].
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