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Abstract—In this paper, we propose a scheme optimizing the
per-user channel sensing duration in millimeter-wave (mmWave)
multi-user multiple-input single-output (MU-MISO) systems. For
each user, the BS predicts the effective rate to be achieved
after pilot transmission. Then, the channel sensing duration of
each user is optimized by ending the pilot transmission when
the predicted rate is lower than the current rate. The robust
regularized zero-forcing (RRZF) precoder and equal power
allocation (EPA) are adopted to transmit sensing pilots and data.
Numerical results show that the more severe the interference
among users, the longer channel sensing duration is required.
Moreover, the proposed scheme results in a higher sum rate
compared to benchmark schemes.

Index Terms—channel sensing duration, rate prediction,
Cramer Rao bound (CRB), integrated sensing and communi-
cations (ISAC), mmWave

I. INTRODUCTION

Millimeter-wave (mmWave) communication is one of the
key techniques of 5G new radio (NR) and Beyond 5G (B5G)
systems to improve the data rates and enable a variety of
sensing services [1]. The integrated of sensing and communi-
cation (ISAC), comes in different forms, including joint data
transmission and mono-static sensing, and pilot transmission
for bi-static sensing [2]. In particular, channel estimation can
be interpreted as a fundamental integration of bi-static sensing
and communication, as knowledge of the channel is prereq-
uisite for beamforming and high-rate directional transmission.
However, a large number of pilot transmissions are required for
channel estimation [3] and leads to a trade-off between the data
rate and channel estimation overhead [4]. Therefore, reducing
or optimizing bi-static sensing/channel estimation overhead
is a critical challenge to improve the data rate in mmWave
communication.

An adaptive scheme optimizing the channel sensing dura-
tion has been introduced for the single-user multiple-input
multiple-output (SU-MIMO) systems [5]. Before each pilot
transmission, the BS predicts the downlink effective rate
achieved after the possible pilot transmission, and optimizes
the channel sensing duration by comparing the predicted
rate with the current rate. However, the base station (BS)
communicates with multiple users (UEs) interfering with each
other, and precoding and power allocation should be addi-
tionally considered. In multi-user multiple-input-single-output

(MU-MISO) systems, a few works reducing or optimizing
channel sensing duration have been proposed in [6]-[10]. The
authors in [6], [7] present a scheme for reducing channel
estimation overhead by exploiting the structure of spatial
channel correlation or using minimum mean square error
(MMSE), respectively. A low complexity semi-blind channel
estimation [8] and a channel estimation employing reliable soft
symbols [9] have been proposed. In [10], compressive sensing-
based channel estimation and feedback overhead reduction
technique is introduced. These approaches still use the same
pilot duration for all users.

In this paper, we optimize the channel sensing duration for
each user, extending [5] to downlink MU-MISO systems. Our
main contributions are as follows: we propose a three-phase
protocol, starting with (i) an initial beam sweeping, followed
by (ii) an adaptive pilot duration per user, and finally (iii) data
transmission. At each time slot in the second phase, we apply a
new decision method that determines if a user should continue
pilot transmission or move to the data transmission phase. The
decision method is based on comparing the current effective
rate with a predicted rate. In contrast to [5], the effective rate
of each user is derived considering interference from other
users, and the robust regularized zero-forcing (RRZF) [11]
precoder and equal power allocation (EPA) are adopted to
transmit pilot and data. Simulation results demonstrate that
the proposed scheme has a higher sum rate compared to other
schemes.

II. DOWNLINK MU-MISO SYSTEM MODEL IN THE
SIMULTANEOUS PILOT AND DATA TRANSMISSION

We consider a downlink MU-MISO system where a single
BS communicates with M users as shown in Fig. 1. Note that
UE,,, is the m-th user. We assume that the BS is equipped with
a uniform linear array (ULA) of Nt antennas, and all users are
equipped with a single antenna. There are feedback channels
between each user and the BS. All channels are assumed to
remain constant during a transmission frame of duration T'.
The narrow-band flat fading downlink channel h,,, € CNt*!
of the m-th user can be defined as [12]

L
hy, =Y amar(Om), 1)
=1
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Fig. 1. An illustration of the comparison between the proposed scheme and
conventional scheme in the mmWave MU-MISO downlink channel.

where o,; and 0,,; are the complex channel gain and
angle of departure (AoD) of the [-th path for the m-th user,
respectively. For simplicity, the flat fading channel model
is considered, however, the proposed scheme is applicable
to the frequency selective channel model. The array vector
ary(0m1) € CVNt1 is given by

aTx(Gm,l) _ |:17 ej7r cos mel’ s 6j7r(NT71) cosGmwl,:| T ) (2)

As shown in Fig.2, the frame duration T is divided
into an initial beam sweeping (IBS) of duration 7; and an
adaptive number of time slots with duration 7T containing @)
sequential pilot transmission for channel sensing, while the
remaining time is used for data transmission. For user m,
the BS transmits pilots until time k,, which is determined by
the proposed scheme as described in Sec. III-D, and the BS
switches to data transmission (i.e., channel sensing duration is
same as k,,,T). Since the same () pilot symbols are sent every
time slot, channel sensing duration (time perspective) and
channel estimation overhead (resource perspective) are linear.
We consider the initial access where pilots are transmitted at
the beginning of the frame [4]. After IBS, all users can belong
to one of the two groups, which are pilot group Py and data
group Dj: users that receive pilots from the BS at k-th time
slot are in the pilot group Py, while users that receive the data
from the BS are in the data group Dy. In every time slot, users
can be moved from P, to D;,, but not vice versa.

The received signal y,, , € C?*! for user m during the
k-th time slot is

Yok = \/mhgvnuk’sm,k + flmJg m e Pk,
m,k — .
VP i hi Vi i e + Dy . m € Dy,

where P, j, is the allocated power with ng:l P = Pr,
the total transmit power at the BS; v, € CNT>1 ig the
precoder (see Section II-C); s,,, x € COL (||sii]l? = Q)
is an orthogonal pilot sequence i.e., sg’ksmgk = 0 for m #
m', dp i € cex1 (l[dm.x||> = Q) is random data sequence.
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Fig. 2. Frame structure consisting of three phases [4] : initial beam sweeping
(IBS), channel sensing (CS), data transmission (DT).

Finally, n,, ; and n,,j denote noise and interference from
other users m’ € P, U Dy, \ {m}. For any user m € Py, we
can find y,,, , = Sg’kym,k/ﬂsm,kHQ leading to the following
equation:

H ~
Ym,k = / Pm,khmvm,k + Mo, ks
with 7y ~ CN(0,62,,), where 62, =
H 2
Zm'EDk Pk |hmv’m/vk| :

III. OPTIMIZING MMWAVE CHANNEL SENSING DURATION
FOR DOWNLINK MU-MISO SYSTEM

m € Py, 4)
o?/Q +

At every time slot, the BS first determines the precoder
and allocates the power to each user. Then, the BS computes
the predicted rates for each user in the pilot group, and the
predicted rates are compared with the current rates. If the
predicted rate is lower than the current rate of a user, the
user enters the data group and stops sending pilots.

A. Initial Beam Sweeping

In the initial beam sweeping phase, the BS sends out pilots
consisting of ) consecutive symbols. In the course of the
beam sweeping, each beamformer at the BS steers towards
Mr equispaced directions within [0,7]. The beamformers
ary(f, Mr) € CMr>1 is given by [13]

5Tx(9_» MT) — |:17 ejﬂ' cos §7 s ejﬂ'(]\/IT—l)cos 5} T , (5)

where 6 is a steering direction from the BS. Each user
determines the beamformer maximizing the received power
and feeds it back to the BS, which is used as initial precoder
Vm,1. Note that the BS uses Mt antennas which is smaller
than Nt to reduce beam sweeping overhead (i.e., M < Nr).

B. Channel Sensing

At (k — 1)-th time slot, a user m € Py_1, uses its obser-
vations up to time k — 1, ¥y 1:6—1 = [Ym,15-- -, ym,k—ﬂT, to
provide a channel estimate

h,, 1 = arg IﬂaXP(Ym,Lk—l\hm), m € Pr_1, (6)



as well as a corresponding error covariance Cg, —1.
Hence, after the (k — 1)-th pilot transmission, the es-
timated channel flm,k,l of m-th user is distributed as
fl,,L7k_1 ~ CN (h;,,C,, ,x—1). This covariance information
can be obtained from the Fisher information, as derived in

Appendix A.

C. Robust Regularized Zero-forcing Precoding

Since the true channel is not given, the RRZF precoding is
adopted to improve the performance of zero-forcing precoding.
After the channel sensing at (k — 1)-th time slot, the RRZF
precoding is given by [11]:

1
M 2
A~ ~ A g
Vi =H (HI,;HH“ + Y Comg1+ 1) , ()
Pr
m=1
where Vi, = [vy g, , varr] € CVTXM s precoding matrix,
and Hy_1 = [hy g1, ,hy 1] € CNTXM g estimated
channel matrix.

D. Decision to Stop Pilot Transmissions

Before the pilot transmission, for users in Py_;, the BS
determines whether to continue channel sensing or switches
to data transmission by comparing the predicted rate Rm’k
and the current rate I2,, —1. The rate R, 1 is the rate that
is provided if the user switches to the set Dj and is given
by [14]

Rm,k'—l = (8)
T, + (k—1)T;
(1 — (T)) logy (1 4+ Ym.k—1), m € Pr_1,
f
where

TYm,k—1 = (9)
Pmﬂhﬁ,kflvm,kp

o2+ en,_, Pm/,k|f1%k—1"m’,k|2 + Ug,m,k—1(vk» Pk)

)

in which p, = [Pig,...,Pui]T is the power allocation
at k-th time slot, while the channel estimation error can be

described as

1€e{m}UDj_1

Temi—1(Vi,Pr) = P ivih.Coi—1Vig. (10)

where is a function of the channel error covariance C,;, r—1.
Computation of the channel error covariance C,, ;1 is de-
scribed in Appendix A. Note that the channel estimation error
o2 1(Vi,pk) decreases with the time slot index k as the
FIM relies on a greater number of pilot transmissions as shown
in Appendix A.

The rate Rch is the predicted rate if the m-th user defers
switching to the set Dj and continues with one more pilot
transmission. It is given by

T, + kT,

Rm,k: = (1 ) logs (1 + Amk), m € Pr_1,
Ty

(1)

where we note the reduction in the pre-log factor and define

Ym,k = (12)
Pm,k
o2 + Zm/EDk,l Pm/,k

in which the predicted channel estimation error

>

i€{m}UDy_1

1 H 2
hm,kflvmak’l

b

hy Ve w62, (Vi Pr)

62 k(Vi, D) = PpviCopvig,  (13)

is a function of the predicted channel error covariance Cm, ko
whose computation is described in Appendix B.

Algorithm 1 Optimizing channel sensing duration scheme in
downlink MU-MISO systems

Initialization:
It Vip1 = éTx(ém,MT), Pm,l = PT/M, VYm
2: P = {1,...,M}, D1 =0
3: Downlink transmission with observation y,, ; from (3)
4: for k=2,3,... do
5: Estimate the channel using (6) for users m € Pr_1
6
7
8
9

Compute the RRZF precoder Vy, from (7)

for m € Pr_1 do
Compute the current rate R,, ;—1 from (8)
Corppute the predicted rate Rch from (11)

10: if Rm,k > Rm,krfl then

11: place user m in Py

12: else

13: place user m in Dy,

14: end if

15: end for

16: Downlink transmission with observation y,,, j from (3)
17: end for

Finally, the decision rule is as follows:

o If Rmk > Ry, k-1, user m stays in the pilot set
(m € Pg) and the BS transmits pilot with v, ; and
Py, i, estimates the channels by calculating the C,, j
with consecutive observations y,, 1.; and then updates
Vi, k41 and Py, k41.

o If Ry < Ry p—1, the BS keeps vy, and P, i
and switches to data transmission with rate R, j—1
(m € Dy).

Then the decision process is repeated at (k+1)-th time slot. A
summary of the proposed scheme is presented in Algorithm 1.

In relation to the complexity of the proposed scheme, most
procedures of the proposed scheme are generally performed
in a base station where computational complexity is not a
problem. In addition, the proposed scheme includes operations
commonly considered in a wide range of communication
algorithms such as beamformer design and CRB calculation.
Therefore, the proposed scheme is considered to be practical.

E. Power Allocation

Determining an optimal power allocation is complicated
since the number of data transmitting users is continually
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changing. Upon completion of Algorithm 1 (i.e., at the first
time &’ for which Py = (), the power allocation that
maximizes the signal to interference plus noise ratio (SINR)
can be used [15]. It is the solution of the following problem:

M
max logs (1 + Yokt 14
na W; g2 (14 Ym1) (14)
st. pp >0,1Tpy > Pr (15)
P ’ le 'V ’ 2
Y b = o B V| . (16)

o? + Zm’;ﬁm Pm’7k|f1§z,k’vm/7k/ |2

which can be obtained iteratively, starting from a uniform
allocation [15]. Hence, since the above optimization is only
applicable after the completion of the proposed scheme, we

--- Rm_’k
'A'Rm“kfl

2.4 | | | | | | L L
2 4 6 8 10 12 14 16 18 20

Time slot [k]
(b) (61,02,03) = (80°,90°,100°)

Downlink effective rate (bits/s/Hz)

The comparison between the predicted rate Rm7 % and the current rate R,, 31 with the time slot in the representative examples.

proposed to use equal power allocation at the BS, P, =
Pr/M for k < k'

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, the performance of the proposed scheme is
evaluated for different parameters are presented.

A. Simulation Settings

We consider MU-MISO system consisting of a BS with
Nt = 60 and M single-antenna users. We set the transmitted
signal-to-noise-ratio (SNR) Pr/ 02 =5dB and L = 2 where
one dominant path and one secondary path exist, and the power
of the secondary path is 10 dB lower than the power of the
dominant path [16]. Note that the dominant path is line-of-
sight (LoS) between BS and user, and the secondary path is



uniformly distributed within [0°,180°]. In Fig.2, the frame
structure is comprised of 500 time slots i.e., Ty = 5007 and
each time slot consists of @) = 139 symbols. For the initial
beam sweeping, we set Mt = 8, so the time period of beam
sweeping is T; = 87T.

B. Two Representative Examples of Three Users Case

Fig. 3 shows two representative examples when a BS com-
municates with M = 3 users. In Fig. 3, the BS transmits the
pilots to blue users which are in the pilot group and data to
green users which are in the data group, respectively. Fig. 4
shows the comparison between the predicted rate ]:Zm,k and
the current rate R, —; with the time slot for representative
examples: Rm’k and I?,, —1 are concave because the channel
sensing duration is optimized at the maximum point of the
effective rate and then the effective rate decreases due to
excessive pilot transmission. As expected, conversion to data
group is performed in the order of UE3, UE;, and UE; in
Fig.4 (a), and in order of UE;, UE3, and UE; in Fig.4 (b),
respectively. In Fig. 4 (a), UE3 is mostly separated from other
users, resulting in the least impact of interference, and achieves
the highest effective rate. As the interference is decreased,
higher initial rates can be achieved with a relatively small
number of pilot transmissions, which leads to an early end of
pilot transmissions (see the intersection points). Conversely,
UE, is most affected by interference, achieving a lower
effective rate and requires more pilot transmissions. In Fig. 4
(b), UE,, which is most affected by interference, achieves the
lowest effective rate and switches to data transmission lastly.
Note that although UE; and UEj are affected by the same
interference, an initial effective rate difference occurs due to a
difference in initial channel sensing accuracy. As shown in
Fig. 4 (a) and Fig. 4 (b), as the channel sensing duration
becomes longer, the interference term becomes small, because
the channel sensing is more accurate and the precoder is well
designed accordingly.

C. Downlink Sum Rate with Different Numbers of UEs

In Fig.5, we compare the proposed scheme to the Rji—1¢
(i.e., using a fixed number of 10 pilot slots), Rx—20, Rr=40,
and Rj—_go with different number of users M. The downlink
sum rate Ry can be defined as [14]

M
Rp =Y Rk

m=1

a7

As the number of users increases, the downlink sum rate
increases. As expected, the proposed scheme is always higher
than the Ry—10, Rx=20, Rr=40, and Ry—go, as shown in Fig. 5.
As the number of users increases, the optimal channel sensing
duration increases, so it can be seen that Rjy_go is the largest
one for the high M regime. Conversely, as the number of users
decreases, the optimal channel sensing duration decreases, so
Ry—10 is the largest one for the low M regime. For the high M
regime, the difference in the optimal channel sensing duration
between users becomes larger, so the performance due to the

50

-©-Proposed scheme
- Ri—1o ]
i Rpgo
~+4- Rp—q0 4

Ry—e0

Downlink sum rate (bits/s/Hz)

10 15 20 25 30 35 40
Number of UEs (M)

Fig. 5. Downlink sum rate achieved by the proposed scheme vs. a fixed
number of pilot slots (10 for Rg—_19, 20 for Ri—_2q, 40 for Ri—40, and 60
for Rp—gg) with different number of users M.

proposed algorithm is further improved compared to Ri—1o,
Ry=20, Ri=40, and Rj—eo.

V. CONCLUSIONS

For MU-MISO systems, we have proposed an adaptive
scheme that optimizes the channel sensing duration of each
user to reduce the channel estimation overhead. Before the
pilot transmission, the BS predicts the effective rate with
pre-defined precoder and allocated power and decide which
user stops pilot transmission and switch to data transmission.
Numerical experiments have shown that the proposed scheme
has a higher sum rate compared to the other scheme, which
estimates the channel in the same duration for all users. In the
future, joint user selection, precoding, and power allocation
optimization, which maximizes the sum rate, will be investi-
gated.
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APPENDIX A
COMPUTATION OF THE CHANNEL ERROR COVARIANCE

We introduce the noise-free observation

L
Hm,k = \/ Pm,k' Z O‘m,lagx(am,l)vm,ka (18)
=1

and the unknown channel parameter vector 7,, € R3/>*1 of
m-th user can be defined as

N = [7731,1’ e 777%,L]T ) (19)



in which n,,; € R**! consists of the channel parameters
(channel gain and AoD) for the [-th path

T’m,l = [am,lv §RCyWL,la C\\fam,l}T bl (20)

where Rav,,; is real part and Sa,y, ; is imaginary part of the
channel gain ay, ;.
A. Error covariance of m,,

Let 9, ;_, be the estimate of 7,, at (k — 1)-th time slot
(e.g., obtained by the maximum likelihood (ML) estimator),
then the error covariance is bounded as

E"Im |:(ﬁm,k—1 - T’m) (If’m,k:—l - T’m)T:| i J,;:], (21)

in which J,, € R3L*3L s the Fisher information matrix
(FIM). The FIM J,, is defined as

2
J/r]m é _E |:a lnf(ym,1k1|nm):| , (22)

8177” an%

where In f (Y 1:6—1|7,,) is log-likelihood function of the
consecutive observations up to (k—1)-th time slot conditioned
on 1,,. Since these observations are conditionally indepen-

dent, lnf (Yﬂ’L,lik—1|nm) = Zi’_:ll hlf (y’M,k/|nm) in which

?, (23)

1
I f (Yo [11m) ¢ = =5 Y, =t

m,k

where fim i = /PmihiyVim e and J,  can be eas-
ily computed, following the approach in [17]. Since the
FIM depends on the true channel parameters 77,,, which
are not known, 7),, ,_; is used to evaluate the FIM, de-
noted as JmL:;,7M71(V1;k,1,plzk,l), accumulated from
Ym,1 (transmitted by Vi, p1) to ¥, x—1 (transmitted by
Vi_1, Pr—1). The corresponding error covariance is then
J:]i:,ﬁm’kil(vlzk—lypl:k—l)'

B. Error covariance of Cy, -1

The error covariance matrix C,,, x_; of h,, € CNt*1 can
m,k—1 m

be calculated by a Jacobian transformation matrix T,, €
(CNTX?)L:

Crp1=Tudy) 5 (Vi1 Pu—1)Th, (24)
where the transformation matrix T,,, is
h,,
T,, = g— € CNrx3L, (25)
Mm "7m=ﬁm,k—1
The entries in T, can be computed from the relations
oh
== m : X 9m ) 26
D6 W i8rx (Om,1) (26)
oh,,
— " — arye(0m), 27
a%am,l ar ( m,l) ( )
oh,, .
A~ ]aTx(Gm,l)‘ (28)

oY
SQm,l

APPENDIX B
COMPUTATION OF THE PREDICTED CHANNEL ERROR
COVARIANCE

The prediction of the channel error covariance that would
result after the transmission of pilots in the k-th time slot can
be found as

~ _ —1
Crnp = Tid,

m=MNm k—

1(V1;k7p1:k¢)Tg, (29)

where the only difference with respect to (24) is that we
account for the FIM from one additional pilot transmission.
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