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Abstract

We propose beam division multiple access (BDMA) with peathesynchronization (PBS) in
time and frequency for wideband massive multiple-input tipld-output (MIMO) transmission over
millimeter-wave (mmW)/Terahertz (THz) bands. We first@ttuce a physically motivated beam domain
channel model for massive MIMO and demonstrate that thelepgs of the beam domain channel
elements tend to be independent of time and frequency whirtinumbers of antennas at base station
and user terminals (UTs) tend to infinity. Motivated by theidked beam domain channel properties, we
then propose PBS for mmW/THz massive MIMO. We show that bb¢heffective delay and Doppler
frequency spreads of wideband massive MIMO channels with 8 reduced by a factor of the number
of UT antennas compared with the conventional synchroioizaipproaches. Subsequently, we apply
PBS to BDMA, investigate beam scheduling to maximize theeetble ergodic rates for both uplink
and downlink BDMA, and develop a greedy beam schedulingrélgn. Simulation results verify the
effectiveness of BDMA with PBS for mmW/THz wideband masdBvO systems in typical mobility

scenarios.
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I. INTRODUCTION

With severe spectrum shortage in the currently deployeldlaelbands (sub-6 GHz) and the
explosive wireless traffic demand, there is a growing cosiseron utilizing higher frequency
bands, e.g., the millimeter-wave (mmW) band and the Tetal{f€Hz) band, for future wireless
communication systems|[1]-[5]. Massive multiple-inputltiple-output (MIMO) transmission
deploys large numbers of antennas at the base stations {Sshultaneously serve multiple
user terminals (UTs) and can significantly improve the systpectrum efficiency! [6],[17].
Combination of massive MIMO with mmW/THz technologies ispapling from a practical
point of view. Orders-of-magnitude smaller wavelength imW/THz bands enables a larger
number of antennas to be deployed at both UTs and BSs. EvenHigh propagation path loss
at mmW/THz channels, the achievable high beamforming gaitts massive MIMO can help
to compensate for it. Therefore, massive MIMO transmissier mmW/THz bands, which will
be referred to as mmW/THz massive MIMO, is envisioned as af@ing solution for wireless
communications in the futurel[3],[8].

Utilizing mmW/THz frequencies for cellular wireless hase&ed intense research interest
recently. One challenge in realizing cellular wirelessravenW/THz channels is to deal with the
mobility issue [9], [10]. For the same mobile speed, the Depppread of mmW/THz channels
is orders-of-magnitude larger than that of classical wsslchannels while the delay spread does
not change significantly over different frequencies, whicy lead to system implementation bot-
tleneck. Consider wideband mmW/THz transmission emphpyirthogonal frequency division
multiplexing (OFDM) modulation for example. With perfeaine and frequency synchronization
in the space domain, the length of the cyclic prefix (CP) isallgiset to be slightly larger than
the delay span to mitigate channel dispersion in time win&length of the OFDM symbol is
usually set to be inversely proportional to the Doppler agreo mitigate channel dispersion in
frequency [11], [[12[i As a result, the overhead of the CP will be much larger to det the
same delay spread and it might be difficult to design propebK@fparameters.

There exist some works related to the above issue. For exatmgam-based Doppler frequency

compensation has been suggested_ in [13] and [14] for naeeMIMO channels. In addition,

"While it is possible to relax these requirements and mitight negative effects by advanced algorithms, such appeeac
are not considered here due to the relatively high impleat@mt complexity.



reduced delay spread with narrow directional beams has tlesgrved in recent mmW channel
measurement results [15].

In this paper, we exploit massive MIMO to address the aboseeisSpecifically, we propose
per-beam synchronization (PBS) for mmW/THz massive MIMBBM transmission and apply
it to the recently proposed beam division multiple acced3MR\) [16]. The major contributions
of this paper are summarized as follows, part of which has Iseémitted to a conference [17]:

« We introduce a physically motivated beam domain channelainfmadt massive MIMO. We

show that when both the numbers of antennas at BS and UTsféioeesuly large, the beam
domain channel elements tend to be statistically uncae@land the respective variances
depend on the channel power angle spectra (PAS), while thedagres of the beam domain
channel elements tend to be independent of time and freguenc

« We propose PBS in time and frequency for mmW/THz massive MINBOth delay and

Doppler frequency spreads of the wideband MIMO channelé WiBS are shown to be
approximately reduced by a factor of the number of UT antencampared with the
conventional synchronization approachesl| [11]. Note that groposed PBS can also be
applied to massive MIMO transmission over other frequeraryds as long as the numbers
of UT antennas are sufficiently large.

« We apply PBS to BDMA in which multiple access is achieved bgviating each UT with

a mutually non-overlapping subset of BS beams [16]. We inyate beam scheduling to
maximize achievable ergodic rates for both uplink (UL) amvdlink (DL) BDMA, and
develop a greedy beam scheduling algorithm based on thageexquared beam domain
channel norm.

The rest of this paper is organized as follows. In SedtibnvH,investigate the beam domain
channel model. In Sectidnlll, we propose PBS for mmW/THz sha&sMIMO. In Sectior IV, we
apply PBS to BDMA. Simulation results are presented in $a¢t and the paper is concluded
in SectionV].

Some of the notations used in this paper are listed as follows

« 7=+/—1.6(-) denotes the delta function.

o CMXN (RMxN) denotes thel/ x N dimensional complex (real) vector space.

« Upper and lower case boldface letters denote matrices adandhnovectors, respectively.

« Iy denotes theéV x N dimensional identity matrix, and the subscript is somesiromitted



for brevity. 0 denotes the all-zero vector (matrix).

« (1), ()T, and(-)* denote conjugate transpose, transpose, and conjugatatiopsy respec-
tively.

. diag {x} denotes the diagonal matrix with along its main diagonaltr {-} denotes the
matrix trace operation.

- [a]; and [A]; ; denote theith element ofa, and the(i, j)th element ofA, respectively,
where the element indices start fram[A]; , [A] ., and[A]; . denote the submatrices of
A consisting of rows specified iff and (or) columns specified if.

. E{-} denotes the expectation operati6i\V' (a, B) denotes the circular symmetric complex

Gaussian distribution with meas and covariance.

\ denotes the set subtraction operatifd#|. denotes the cardinality of sét

. £ denotes “be defined as’ denotes “be distributed as”.

[I. BEAM DOMAIN CHANNEL MODEL

In this section, we will first introduce a physically motiedtbeam domain channel model for
mmW/THz massive MIMO and then investigate its properties.

Consider a single-cell massive MIMO system, where the B8 witantennas simultaneously
servesU UTs, each withK antennas. The UT set is denotedlés- {0,1,...,U — 1} where
u € U denotes the UT index. The small wavelength in mmW/THz bandkes it possible to
pack a large number of antennas at the UTs in addition to the/&Sfocus on the case where
both the numbers of antennas at the BS and the UTs are sutfyclarge, which is different

from the massive MIMO communications over lower frequenands [6].

A. DL Channel Model

We assume that both the BS and the UTs are equipped with omifioear arrays (ULAS) with
one-half wavelength antenna spacing. The array respomserseorresponding to the angles of
departure/arrival (AoD/AoA) with respect to the perpendie to the BS and the UT arrays are
given by [18]

vis () = [1 exp{—jmsin(0)} ... exp{—jm(M —1)sin(#)}]" € CM**, (1)

va(@) =1 exp{—grsin(@)} ... exp{-g(K—-Dsin(@N €C™, (2



respectively. As indicated in_[13]/ [19], the front-to-lkaeambiguity of the linear array can
usually be mitigated via proper configurations. Therefare,assume that the anglésand ¢ lie
in interval [—7 /2, 7 /2] without loss of generality.

We assume that the channels between the BS and differentidsaorrelated and focus on
the DL channel between the BS and WTFor the ray-tracing based wireless channel madel [18],
the received signal is constituted of a sum of the multi@s$mitted signal copies, experiencing
different attenuations, AoAs, AoDs, Doppler shifts, andags.

The channel delay and Doppler shift properties are usualited to its AOA-AoD properties
[20]-[22]. We first consider the relationship between thepler shift and the AoA-AoD pair.
Assume that the scatterers are stationary and the chammpbtal fluctuation is mainly due to
the motion of the UT. Also assume that WiTmoves along a straight line at a constant velocity
v, and the motion direction is parallel to the ULA of Ul. Then following the Clarke-Jakes

model [23], the channel path with AoA will experience a Doppler shift, (¢) as

vu (¢) = vy sin (¢) 3

wherev, £ f.v,/c is the maximum Doppler shift of UT, f. is the carrier frequen(g/,andc
is the light speed.

Consider the relationship between the propagation deldytlae AoA-AoD pair. Due to the
channel sparsity [1] and the relatively large transmis&iandwidth over mmW/THz bands, the
probability that two resolvable propagation paths have dhme AoA-AoD pair but different
path delays can be almost neglected [25]. Therefore, wemssshat there are no two paths
with the same AoA-AoD pair but different path delays, and pla¢h delay of the channel with
AoA-AoD pair (¢, 0) is defined as, (¢, 0).

With the above modeling of the channel delay and Dopplet,sthé& corresponding complex
baseband DL space domain channel frequency resp@&¢t, f), at timet and frequencyf

can be represented as (see, elg., [18], [26]-[28])

Ga (1, f) = / / V5u (9.0) - exp (Jar (6,6)} - vr () VL. ()

SE]
NE

Note that the Doppler shif, (¢), is usually assumed to be constant over the frequency baimteoést in practical wireless
systems, although rigourously speaking it is a functionhef &ctual operating frequendy [24].



~exp {727 [tvu (¢) — f7u (¢, 0)]} dodd € C**M, (4)

wheres,, (¢, 0) is the average power of the path associated with AoD-A0A @aif) given by
the PAS of UTu, and(y (¢, #) is a random phase that is uniformly distributed ojeR=) and
independent of}y, (¢, 0') for ¢ # ¢ or § # #'. Note that the channel model ial (4) has been
widely adopted and verified in recent mmW/THz works [5]./[28]so, the above channel model
applies over time intervals where the relative positionshef UTs do not change significantly
and the physical channel parameters(¢), 7. (¢, 0), ands, (¢, ), can be assumed to be time-
invariant. When the positions of the UTs change signifigatitese parameters should be updated
accordingly [26].

Following the MIMO channel modeling approach in [19], [2{80], we define

G (t, f) 2 VEGY (1, f) Vi, e CFM (5)

where V. € CK*X with [V], . £ 1/VK - exp {—72i (j — K/2) /K} is the unitary discrete
Fourier transform (DFT) matrix (with matrix elementary ogions). Both transformation ma-
trices, Vi and V,,, in (8) can be interpreted as DFT beamforming operationfopaed at
the BS and the UTs, respectively. Thus, we refeﬁ% (t, f) as the DL beam domain channel

frequency response matrix between the BS andd it timet¢ and frequencyyf.

B. Asymptotic DL Channel Properties

From (5), the elements of the DL beam domain channel betweeBS and UTu can be
written as

G| =vidhed v,

k,m

[SIE]

@ / /\/m - exp {j(dl (QS, 9)} - exp {7277' [tl/u (Cb) - fTu (¢7 9)]}

[SIE]
MIE]

Vi) Ve (0) Vi (0) [V, dedo

)

(2 / /\/m - exp {j(dl (QS, 9)} - exp {7277' [tl/u (Cb) - fTu (¢7 9)]}

_r
2

.\/%j;_:exp {ym [(% = 1) —sin(sb)H

[SIE]



M-1

\/_ Z exp {]ﬂ‘b K— — 1) —sin (9)} } depdo
(ﬂ//vh7f‘amm@¢,»emm%ﬁ%<>fmwﬁm

. ((% _ 1) _sin (¢)) g ((%” _ 1) _ sin (9)) ddd, (6)

where (a) follows from[(), (b) follows from{1) andl(2), and) follows from the definition

w\:\
w\:\

sin (ng) .
VK sin (gx)

Note thaty, (z) tends to the delta function wheii tends to infinity, then an asymptotic property

qx (z) & — Z exp {jrkx} = exp{ B (K —1) x} @)

of the beam domain channel frequency response matrix caateel $n the following proposition.
Proposition 1: Define@il’aSy (t, f) € CF*M as

[ dl ,asy (t f)} 4 S, (¢k7 Hm) - exp {del (gbk, Gm)} - eXp {527T [tVu (‘bk) - fTu (¢k7 em)]} )

(8)
where
ér = arcsin (% — 1) . 0, £ arcsin <2ﬁm — 1) . 9)
ThenG. (¢, f) — G. ™ (¢, f) in the sense that, for fixed non-negative integemnd m,
. dl asy .
Kﬂgﬁ[ t.H-G™(wh)], =0 (10)

Proposition Il shows that the beam domain channel elemeyspastically tend to exhibit
the structures as inl(8) when the numbers of antennas tendingy. With Propositiori L, we
proceed to investigate the beam domain channel propertiéisei large array regime. Directly
from (8) and the assumption that the random phéas€sey, 0,,) and(y (¢w, 6, ) are independent
for k £ k' or m # m/, the following proposition on the statistics of the beam donchannels
can be obtained.

Proposition 2: Define Q2 € RE*M as

[sty]k7m = Sy (¢k> em) . (11)



Then, for everyt and everyf, when the numbers of antennad, and K, both tend to infinity,
the beam domain channel elements satisfy

e{fe o), [@an], } @, st-mim-m. a2

, M

Proposition 2 shows that different beam domain channel em¢snare asymptotically uncor-
related. In addition, the variances of the beam domain dafaelements are independent of
the frequency,f, and are related to the corresponding channel PAS, whictisl¢he beam
domain channel matrix defined il (5) its physical intergieta Specifically, different beam
domain channel elements correspond to the channel gain#fefedt transmit-receive beam
directions, which can be resolved in mmW/THz massive MIM@hvaufficiently large antenna
array apertures at both the BS and the UT sides. Note that mitdeV¢hannels usually exhibit
an approximately sparse nature compared with channelsregetar bands|/ [10] and most of
the elements i are approximately zero, which can be exploited to fac#itatireless
transmission design.

Note that Propositionl2 coincides with many of the existieguits. For example, the result
that the space domain channel statistics are independdrecpfency has been shown in [31]
while our result is established in the beam domain. In aoldjtfor the case with single-antenna
UTs, the result in[(12) has been shown to be accurate enoughdi@ctical number of antennas
at the BS[[19],[[28],[3R]-+[34] while our result corresporndsthe case where the UTs are also
equipped with a large number of antennas, which is of praktitterest for massive MIMO
communications over mmW/THz bands.

From (8), the dispersion property of the beam domain chancesh be obtained as follows.

—=asy,env

Proposition 3: Define G, € REXM ag

EZSY,CHV} . 4 v/ S, (gbk’ Hm) (13)

Then when the numbers of antennas$,and K, both tend to infinity, the envelopes of the beam
domain channel elements tend to be independent of the tirend the frequencyf, in the

sense that, for everyyand everyf and for fixed non-negative integeksandm,

=[G, (14)

k,m

e )




From Proposition 3, in the asymptotically large array regjiine fading of each of the beam
domain channel elements tends to disappear when both thbansraf antennas at the BS and
the UTs tend to infinity. The physical interpretation of Rssjion[3 is intuitive. Specifically,
beamforming can effectively divide the channels in the argimain and the partition resolution
can be sufficiently high with sufficiently large numbers ofeamas at both the BS and the UTs.
Asymptotically, each propagation path can be resolved hacbeam domain channel element
corresponds to the gain of a specific propagation path alofiged AoA-AoD pair. Thus, the
beam domain channel envelopes tend to remain a constanthnthm time and the frequency
domains. Note that a narrowband case of Proposition 3 has diaained in[[13]. In addition,
reduced delay spread with beamforming has been observedentrmmW channel measurement
results [15]. For wideband mmW/THz massive MIMO channels, take into account of both

delay and Doppler spreading.

C. DL Channel Approximation

We have derived several asymptotic properties of the beamagiochannels above. Before
proceeding, we investigate the case with finite (but largehimers of antennas. Note that function
gk (z) defined in [([7) has a sharper peak around- 0 with a larger K [18], [30]. Thus, for

sufficiently largeK” and M, the beam domain channel elementdin (6) can be well appeigin

by

Om+1 Grt1
EXE / / 5. (,6) - exp {1 (6, 60))
Om Ok
exp {727 [tva (6) — F7 (6,6)]} dodd. (15)

The approximation in(15) coincides with the physical ititn of the beam domain channels.
Specifically, with a larger number of antennas, the antenmay éhas the ability of forming
narrower beams. For a given transmit-receive beam paitrémsmitted signals will be focused
on the corresponding AoA-AoD pairs meanwhile the signakdeg can be almost neglected. It
is also worth noting that most of the beam domain channeletms in the asymptotic regime
are well reflected in the approximation model givenlinl (1% Example, the delay and Doppler

spreads of the whole beam domain channel matrices are nm&idtdMeanwhile, the delay and
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Doppler spreads of a specific beam domain channel elemeshtaetisappear, which coincides
with Propositior B.

The approximated DL beam domain channel element§ ih (15umacerrelated in the sense
that

077L+1 ¢k+1

E{[éf(t,f)}k’m [Gil(t,f)];m,}z / / Su (#,0)dd0 -6 (k — k) 8 (m —m'), (16)

Om d)k
~

-

'

é[(z“«}k,n’b

whereQ, € RE*M s referred to as the beam domain channel power matrix, wtddhcides
with Propositior 2. In the rest of the paper, we will thus esolely use the simplified channel
model in [I5).

D. UL Channel Mod€

In the above subsections, we investigate the DL beam donfeinnel properties. Hereafter
we briefly discuss the UL case.

For time-division duplex systems, the UL channel respoadhe transpose of the DL chan-
nel response at the same time and frequency. Thus, simgaitseas presented in the above
subsections can be readily obtained.

For frequency-division duplex systems where the relatareier frequency difference is small,
the physical channel parametess, (¢, ¢), v, (¢), andr, (¢,0), as well as the array responses
are almost identical for both the UL and DL |35]-[37]. Thuse tmajor difference between the
UL and DL channels lies in the random phase term, and the Umhgamain channel frequency
response matrix between UT and the BS at time and frequencyf, @21 (t, f) € CM*K can
be modeled as

s
2

alp) L / / V5 (:0) - exp {76 (6,0)} - Viives () vE (6) Vi

2

NIE]

exp {727 [tv, (6) — f7 (6,6)]} ddd € CMXK, (17)

where ¢, (¢, 0) is a random phase in the UL that is uncorrelated with the Dldoam phase
Ca (9, 0), uniformly distributed ovef0, 27), and independent af,; (¢, ¢) for ¢ # ¢' or 6 # ¢'.
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Similarly as [15), for sufficiently largéd and M, @21 (t, f) can be well approximated by

Om+1 Prt1
@len) = [ [ Ve e .0
Om 9k
e {72 11, (6) ~ f7 (6,0)]) Ao (19

From (18) and the definitions @f; andd; in (9), the delay and Doppler spreads of the UL beam
domain channels{az1 (t, f)} . tend to decrease with increasiig and /. In addition, from

(@6) and [(18), the UL beam domain channel elements are walated in the sense that

e{[cwn] [@en], f =@, s0-msm-m). a9

which reveals the reciprocity between the UL and DL beam dorohannel statistics.

Before concluding this section, we define the (approximiabddand UL beam domain channel
impulse response matriceéi1 (t,7) € CE*M and @21 (t,7) € CM*K | as the inverse Fourier
transforms of@i1 (t, f) andﬁzl (t, f) given by

Bunpr i1
[@Zl (t,r)}hm: / 7 Su (¢,0) - exp {JCai (¢,0)}
Om ¢k
-exp { 2wty (@)} - 6 (7 — 7u (¢, 6)) dpdo, (20)
Dg1 Bi
@lun) = [ 7 VB 0.8 - exp (1 (6.0))
Om ¢k
~exp {2mtvy, (¢)} - 6 (T — 7w (¢, 0)) dpd, (21)

respectively, which will be adopted to simplify the anakyse the following section.

[1l. PBSIN TIME AND FREQUENCY

In the above section, we have investigated the beam domainneh model for mmW/THz
massive MIMO. Based on the obtained beam domain channelegrep, in this section we
propose PBS in time and frequency for mmW/THz massive MIM@wnications to reduce
the effective MIMO channel dispersion in time and frequendfg first investigate DL synchro-
nization, and then briefly address the UL case.
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A. DL Transmission Model

We consider an mmW)/THz wideband massive MIMO system emptp¥FDM modulation
with the number of subcarriersy,;, and the CPN,, samples. Then the OFDM symbol length
and the CP length ar&,, = N,1; and T, = N7, respectively, wherd} is the system
sampling interval.

Let {iil}ivfo_l be the complex-valued symbols to be transmitted in the beamath during
a given OFDM transmission block (where the block index is tadi for brevity) in the DL,
then the transmitted signat® (t) € CM*!, can be represented as[11]

us

Nyus—1
()= Y = exp {72%7? t}, —Top <t < T, (22)
n=0

and the DL beam domain signal received by W&t timet during the given transmission block

(in the absence of noise and possible interblock intertaxdar clarity) can be expressed as

ﬁﬂwz/éfwﬂsﬂ@—ﬂwec“% (23)

Whereéjl (t,7) is the DL beam domain channel impulse response matrix ofuJdiven in
(20). In this work we focus on the beam domain transmissiahadopt the transmission model
in (23) for clarity. Note that the DL beam domain transmissinodel in [28) can be directly
transformed into the space domain using the unitary eceriea between the beam domain and
space domain channels.

With the above transmission model, we proceed to investitisd spreading properties of the
received signals caused by channel dispersion. (2DJ28), the received signal over beam
k of UT w at timet is given by

1 o

/ G| E-7),dr

— 00

. B M—
EOIEDY
m=0

M—1 Omi1 Prt1

Z/ / Su (6,0) - exp {J¢a (6,0)}

Om ¢k

exp {2t (6)} - [ (£ = 7., (6,0))],,, dodo. (24)

Then the received beam domain sign[@‘zfgl (t)}k, will experience time offsets (delays) relative
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to the transmitted signak™ (t), ranging fromz."* to 7. [24], where

u,

TN — min min @ 7, (¢,0) = min T 0 25

YT ge(drdi] «(9:6) O€lbk Drs1] «(®:9), (29)
0€[0m,Om+1] 6€[60,00]

T = max max  T,(¢,0) = max 7,(0,0). 26

uk m PE[b,Ppt1] u ) € [Pk, Prt1] «(9,0) (26)
0€[0m,0m+1] 0€[60,0nr]

Meanwhile, [y (¢)], will experience frequency offsets relative to the transeditsignal x*' (¢),

ranging fromygj}gn to v v* [24], where

HE[Pr, Pl 1]

1/3?}6“ = min vy, (¢) = (— — 1) Vu, (27)

Vo = max 1, (¢) = <2(7

HE[Pr,Pr41]

— 1) Vy, (28)

where the definitions in{3) andl(9) are used. For notatiorpbaity, we denote the minimum

and the maximum time and frequency offsets of Whcross all receive beams as

i — mkin {m) (29)
T = max {miet (30)
ymin — mkin {virt = —uy, (31)
v = max {vret = v, (32)

B. DL Synchronization

As the performance of OFDM-based transmission is sengtivene and frequency offsets, it
is necessary to perform time and frequency synchroniz&aicompensate for time and frequency
offsets of the received signals. In particular, the reakisignals should be carefully adjusted so
that the resultant minimum time offset and center frequesftset are aligned to zero [11]. The
most common synchronization approach for MIMO systems isoimpensate for the time and
frequency offsets of the received signals in the space doosing the same time and frequency
adjustment parameters. Specifically, with time adjustmgfit= ™" and frequency adjustment
vy = (v 4 X)) /2 applied to the received space domain signal vector, thdtaesieam

domain signal is given by

Yo () = 7 (¢ + ) exp {=72m (E 4+ ") 1 (33)
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Then the effective delay and frequency spreads of the adjusignal.yi (¢), relative to the

transmitted signalx' (¢), are given by

joi __ _max min

A = e — (34)
= pmax Vmin v
joi __ “u u _ _ u

AVu - 2 —Vu—fc?a (35)

respectively. The termg)® and Al°!, are usually referred to as the effective channel delay and
frequency spreads [18], [24], and have great impacts on és&yd of practical OFDM-based
wireless systems. Specifically, the CP length and the OFDibsy length should be carefully
chosen to satisfynax, { A’} < T,, < T,s < 1/ max, {AI%} [11].

From (35), the effective channel frequency sprea;, scales linearly with the carrier fre-
guency,f., for a given mobile velocity,. Therefore, in order to support the same UT mobility,
the length of the OFDM symbol in mmW/THz systems would be tarigally reduced compared
with that in the conventional microwave systems. Meanwliiie length of the CP would be the
same as that in the conventional microwave systems to delalthke same delay spread, which
might lead to difficulty in selecting proper OFDM parameters

Recalling [27) and[(28), we can observe that Doppler frequenifsetsy}" and v3* for
the signals over a particular bealnmay be much different from™" and v™#* defined in
(31) and [(3R), so as the time offsetg‘,i“ and ;x> If these offsets are properly adjusted over
each beam individually, the effective delay and frequenmrgads of the signals combined from
all receive beams can be reduced. Motivated by this, we p®RBS in time and frequency,
where adjustment of time and frequency offsets is applieithéosignal over each receive beam
individually, as detailed below.

Recall the received signal over tieh beam, namelyy' (¢)], in (24). With time adjustment
e = iyt and frequency adjustmenf’)’ = (1/3}};“ + ugj,ix) /2 applied; the adjusted signal is

given by
ar ™ (0) = [Fa (t +7250)], - exp {=2m (¢ +720) i3 - (36)

syn

3Note that the time and frequency adjustment paramefgfsandv”;’ depend on the long term statistical channel parameters
and vary relatively slowly, and thus can be obtained withpprty designed synchronization sign&ls][38].1[39].
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Combine the adjusted signals over different beams into foves
T
—dl,per —dl,per —dl,per —dl,per
YoP () = |Tud ™ (6) TS TR ()] e CF (37)

Then the effective delay and frequency spreads of the atjusgnal yi'P (¢), relative to the

transmitted signalx' (¢), are given by
per __ max __ _min
AV =max {7 - 7"} (38)

{@E;ﬁi}@& (39)

AP = max

k 2 K’

respectively, where (a) follows fromh (R7) arld 28). The daling proposition on the effective
channel delay and frequency spreads with PBS can be reddifyned from [(34),[(35),(38),
and [39).

Proposition 4: The delay spread)>*", and the frequency spread?*", of the effective channel
with PBS in time and frequency satisfy
o Aj;/oi
ART < AR ADT = e (40)

From Proposition 4, compared with the conventional synaization approach in_(33), the
effective channel delay and frequency spreads can be rédute the proposed PBS approach.
In particular, the effective channel frequency spread @axmately reduced by a factor of the
number of UT antennady, in the large array regime. In addition, the effective chelraelay
spread can also be reduced with PBS, but the quantitatiwdt ieddifficult to establish without
explicit physical modeling of the propagation delay fuonti, (¢, 6).

However, with the clustering nature of mmW/THz channeletakito account [29], [40], a
significant reduction in the effective channel delay spreaa be still expected. To provide some
insights on the reduction in delay spread with PBS, we heremsider a special but important
case in which a ring of scatterers are located around UTS [42]. Assume that the radius
of the ring of the scatterers around Wiis r,, then the propagation delay of the channel path
with the A0A, ¢, is given by 7" (¢,6) = r,/c x [1 + sin (¢)] [42]. From [34) and[(38), the
effective channel delay spreads with the conventional lsyorgzation and PBS are given by

oner,joi
oner,joi __ QTU oner,per __ 2Tu _ ATu
Aoreriol — Zu - gonerper _ 2w _ Dy (41)
c Kc K
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respectively. Thus, for the one-ring case, the effectivandel delay spread with PBS is also
reduced by a factor of the number of UT antennés,

The result in Propositionl 4 can be exploited to simplify tholementation and improve the
performance of mmW/THz massive MIMO-OFDM systems. In parar, the number of UT
antennas/(, also scales linearly with the carrier frequency for the samtenna array aperture
although the maximum channel Doppler shiff, scales linearly with the carrier frequency. Thus,
assuming a fixed antenna array aperture, the effective ehdwppler frequency spread over
mmW/THz bands becomes approximately the same as that ayaélarédbands with PBS, which
can mitigate severe Doppler effects over mmW/THz chandtgeover, the effective channel
delay spread can be significantly reduced with PBS, which foaher lead to a substantial
reduction in the CP overhead.

With PBS presented above, the CP length and the OFDM symhgtHecan be chosen to
satisfy max, { AP} < T, < T\, < 1/max, { A"} for the mmW/THz systems even in high
mobility scenarios. Then the demodulated OFDM symbol owambk of UT « at subcarriem
in the given block is given by [11]

Tys

1
o= 7 [ B 0], e {-pn it a

us

TUS
a) 1

—

2 (0 72, ex {2 (¢ 52 20} o { g2t

~

o\

us

Tus Om+1 Prr1

@g — [ [ [ VEGH e xal0.0)

TllS

cexp {72 (t+ 70 (va (0) — v27) }

(- (ra(6,0) — 7)) exp {‘J%; t} dodedt
© M-—1 1 Tus Om+1 P41
- — Tus 0/ 9/ / Wﬁxp {3Ca (¢,0)}

- exp {jQWTZy,? (yu (¢) — sz]?)}

(= (T (0,0) —T;f;))}m.exp{_ﬁwﬁ t} doder
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O3 @], W, “)

m=0
where (a) follows from[(36), (b) follows from_(24), the apgnmmation in (c) follows from
t (v (¢) —vpy) < 1for 0 <t < Ty, (d) follows from [22), an
response of the effective DL beam domain channel with PB®/d®t the BS and UTu at

—dl,per
u,n

denotes the frequency

subcarriern during the given transmission block given by

Om+1 Pr+1
@i, 2 [ [ Ve e tma 0.0} e (s (v (0) - 23
Om ¢k
- exp {—ﬁﬂ'Tﬂ (Tu (¢,0) — sz,?) } depd8. (43)

Thus, the DL beam domain transmission model for mmW/THz madgIMO-OFDM can

be represented in a concise per-subcarrier manner as

yg{n _ adl,pori(ﬂ c (Cle7 n=0,1,..., Ny — 1. (44

u,n n

Note that if the conventional synchronization approach3®) (is adopted, it would be difficult
to choose the CP length and the OFDM symbol length to satlsdypreviously mentioned
wireless OFDM design requirements in the considered mmV¥/3y$tems. In such scenarios, a
complicated transmission model involving intercarrigenference and/or interblock interference

should be considered [11].

C. UL Synchronization

In the above we focus on PBS for the DL. Now we address the Ule &@s leveraging

Nys—1

the reciprocity of the UL and DL physical parameters. K&, } ™~ be the complex-valued

n=

symbols to be transmitted by Ui in the beam domain during a given OFDM block, then the

transmitted signalx™ (¢) € CK*1, can be represented as

us

Nus—1
—ul —ul n
t) = : 72 to, =T <t <T. 45
Xu() ; Xu,n eXp{] 7TT }7 P — ( )
As the UL waveform received at the BS is a combination of dgtransmitted from different
UTs, we propose to perform PBS at the UT sides. In particulihn time adjustmen’fs,y,i1 = quf,i{:“

u

and frequency adjustmenf’; = (v + v'%*) /2 applied to[X}) (¢)],, the adjusted signal is
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given by
T (8) = [ (t+ %)), exp {22 (t+ %) v} (46)

Then the beam domain signal received at the BS at tirdering the given transmission block

(in the absence of noise for clarity) can be represented as

7" KZ:l / Gl | m ) @7)

u k=0

Q
,_.

I
o

whereG. (¢,7) is given in [Z1).

Similarly as the DL case, PBS in the UL can effectively redtimechannel delay and Doppler
spreads. Thus, the demodulated OFDM symbols over heaof the BS at subcarrier. in the
given transmission block can be written asi[11]

U-1

N

[ ulpcr] y [Eluﬂ’n}k’ (48)

B
Il

u=0 0

whereG.."" denotes the frequency response of the effective UL beam idarhannel between

the BS and UTu at subcarriem given by

Om+1 Prt1
[ / / S (,0) - exp {36 (6,0)} - exp {72y (v () — V%) }
Om Ok
.exp{—jQW; (u (6,6) — Syn)}d¢de (49)

Then the UL beam domain transmission model for mmW/THz mas8iiIMO-OFDM can be

represented in a per-subcarrier manner as

U_
yi=S"Gxd e CM n=0,1,..., Ny~ L. (50)
u=0
D. Discrete Time Channel Statistics

Statistical properties of the discrete time beam domaimicels can be similarly derived.

From (43) and[(49), the beam domain channel elements arerefated in the sense that

E { [Seal Rl m} = [y, 8 (k= K) 8 (m — ), (51)
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effe] [eu]l, } = e 8 ), 52)

where(2,, is the beam domain channel power matrix defined i (16). Atiogrto the law of large

numbers, the beam domain channel elements exhibit a Gaudistaibution, i.e.,[@dl’m]k ~

CN (0, [Qu]k,m) and [@Z{for]mk ~ CN (0, [Qu]k,m)' We define the average squtr;red channel

norms of beamm at the BS side and beamat UT u side as

K-1

W B2 Qs m=0,1,.., M —1, (53)
k=0
M-—1

D Qi) k=0,1,..., K -1, (54)
m=0

respectively, which will be useful for transmission desigwvestigated in the following section.

IV. BDMA wiTH PBS

With PBS proposed above, the effective channel frequenogasipin the beam domain over
mmW/THz bands becomes almost the same as that over reguklesd bands meanwhile the
effective channel delay spread in the beam domain can béisanly reduced. The proposed
PBS can be embedded into all mmW/THz massive MIMO transomssi

BDMA in [L6] is an attractive approach for mmW/THz massiveNMD particularly in high
mobility scenarios for the following reasons. First, beaomdin channels at mmW/THz bands
exhibit an approximately sparse naturé [2],1[43] and treesf BDMA is well suited for such
channels[[16]. Second, transmitters only need to know tagsttal channel state information
(CsI), which avoids the challenge in acquisition of the amsaneous CSI required for conven-
tional massive MIMO transmission over mmW/THz channelsai&l is attractive for transmission
in high mobility scenarios [29]. Third, the implementatioamplexity of BDMA is relatively
low as only beam scheduling and power allocation for difietdTs based on the beam domain
channel statistics are required instead of complicatedinser precoding and detection. In this

section, we will investigate BDMA with PBS for mmW/THz maasiMIMO.
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A. DL BDMA

We first outline BDMA for DL massive MIMO transmission in [18from [44), the DL beam

domain transmission model can be rewritten as

yi=C, x4 G Y x4zl e CF, (55)

£y

where the subcarrier index is omitted for brevi#y' is the effective DL noise distributed as
CN (0,0%), andx' is the DL beam domain transmitted signal for UTWe assume that the
signals intended for different UTs are uncorrelated, ambtEQ. = E {ijl (ijl)H} e CMxM
as the beam domain transmit covariance of WT

With the assumption that each UT knows its instantaneous BH énd the BS only knows
the statistical CSI of all UTs, the DL ergodic achievable swate is given by

! = —dl,per—=dl [—dl,per\
R = Z E{ log, det | o¥'T + Z G, Q, (Gu P )
u=0 u'=0
— log, det (O‘dlI + Z ajl’porQi% (@il’p0r> H) }, (56)

/£y

where the expectation is with respect to the channel reelimm [16]. With the sum rate ex-
pression in[(56) and the uncorrelated properties of the bedamain channel elements in_(51),
the structures of the DL transmit covariances that can miaginlR!' have been investigated
in [16]. Specifically, denote the eigenvalue decompositbthe transmit covariance a@il =

Ul diag {ad} (ﬁ(il)H, where the columns dU" are the eigenvectors @ and the entries

of A4 are the eigenvalues cﬁil, then the DL beam domain transmit covariances satisfy the

following structures:
ﬁil =1 Vu, (57)
AN AL =0, Vu £ o/, (58)
The above structures of the DL transmit covariance matrige immediate engineering

meaning. SpecificaIIyI_Jjl = I indicates that the DL signals should be transmitted in therbe

domain. Meanwhile(AY)" A&l = 0 for u # «' indicates that one DL transmit beam can be

“The effective channel Doppler spread is significantly reduwith PBS, and the instantaneous DL CSI can be obtained by
the UTs through properly designed DL pilot signals![16].
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allocated to at most one UT. Thus, finding the DL beam domainsimit covariance matrices
is equivalent to scheduling non-overlapping transmit beats for different UTs and properly
performing power allocation across different scheduladgmit beams. As equal power allocation
across scheduled subchannels usually has a near-optiniatrpance [[44], we therefore focus
on beam scheduling for different UTs.

Based on the above DL transmit covariance structures, BDMAyhich multiple access is
realized by providing each UT with a mutually non-overlagpBS beam set, has been proposed
in [16]. Now we investigate DL beam scheduling for differésits. Denote3d'>s and Bt as
the DL transmit and receive beam sets scheduled forulJfespectively, then the DL ergodic

achievable sum rate i (b6) with equal power allocation i&giby

—dl,per

H
di U—1 [z=dlper
det | I + =Lt _ [G ] [G }
5/:10‘5;1}713 Eu”_o u Bgl,ut pgdlbs u Bﬁl,ut pgalibs

bl u// ’ ’LL”

. H
dl dl,per dl,per
det (T4 <t 3 [G } [G ]
U—1 |12dl,bs " ) )
U8 u'Fu | el palut il bs

)

U—1
RAlera — Z E < log,
u=0

(59)

wherepd = P4 /5 is the DL signal-to-noise ratio (SNR) arf!' is the DL sum power budget.

The DL beam scheduling problem can be formulated as follows:

maximize Rdlepa (60a)
{Bi"" B weu }

subject to B MBI = & vu £/, (60Db)
B[ < By, v, (60c)
|BIut] < pabut vy, (60d)
U-1
Z ‘Bil,bs‘ < Bdl,bs) (60€)
u=0

where Bdtbs| pdlut "and Bdlbs are the maximum allowable numbers of transmit, receive lseam
for UT u, and total transmit beams in the DL, respectively. Note thatnumbers of maximum
allowable beams can be adjusted to control the required atsndf radio frequency chains in
mmW/THz massive MIMO.

The optimization problem inC(60) is in general difficult due the stochastic nature of the
objective functionkr2 in (BB) and the combinatorial nature of beam schedulinge@iafly for

the considered mmW/THz massive MIMO systems with large renmbf antennas and UTs, and
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TABLE |
DL GREEDY BEAM SCHEDULING ALGORITHM

Input: The UT set/ and the beam domain channel power matrifgs, : u € U}
Output: DL beam scheduling patterfB;"", By"" : u € U}
1: Initialize B&P* = & for all u, S*™P = @, andR = 0

2: Temporarily activate all DL receive beams: &-"* = {0,1,..., K — 1} for all u
3: while |S*™P| < MU do
4:  Search for{(u/,m’)} = argmax  wbS,, updateBL " « B U {m'}, and calculateRem, = R°P* using
{(u,m)}¢Stemp
E9)
5. if Riemp > R then
6: UpdateR = Riemp
7: if > e |BL®] > BYP® then
8: Break
9: end if
10: if Tzsj%bs > B then
11 UpdateS*®™P « S*™P y {(u’,m)} for all m
12: end if
13: UpdateS*™ « S*™P U {(u,m’)} for all u
14: else
15: UpdateB2,™ « BLP*\ {m'}, andS*™P « St U {(u',m/)}
16:  end if
17: end while

18: SetB"t = g and Bi"s" = {0,1,..., K — 1} for all u, initialize u = 0 and R = 0
19: whileuw < U —1 do
20:  Select receive beakf = argmax wi’, setBy" « BumsU\ (£}, temporarily update8; "t < Ba*t U {k'}, and
keBnns,ut
calculate Ryemp = R°P* using [59)
21: if Riemp > R then

22: UpdateR = Riemp

23: dse

24: UpdateBhut « pdbuty (k)

25: end if

26: if |[BL"| > BgYY or By < 0 then
27: Updateu < u + 1

28: end if

29: end while

the optimal solution must be found through an exhaustiveckedn order to obtain a feasible
solution of [60) with relatively low complexity, we provideere a (suboptimal) norm-based DL
greedy beam scheduling algorithm motivated byl [16]. Inipalar, the BS first schedules the
DL transmit beams for different UTs with all receive beanmmperarily activated based on the
ordering of the average squared beam domain channel norhe 8% sidewgfm, defined in

(53), and then schedules receive beams of different UTsdbasehe ordering of the average
squared beam domain channel norm at the UT si¢jg, defined in[(54). The description of the

DL greedy beam scheduling algorithm is summarized in Table |
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B. UL BDMA

Motivated by the above presented DL BDMA, we consider in ghibsection BDMA for UL
transmission. In particular, each UT is allocated with aumlly non-overlapping subset of the
total receive beams of the BS during the UL. Then UL signa¢cksdn for each UT is performed
based on the signals received on the allocated receive beainsomplicated multiuser detection
is not required in UL BDMA.

Denote the BS beam set allocated to WTn the UL asBu'*, then from [GD), the received
signal of UT« over the allocated BS beam subsets can be represented as

Vi = 7] g
_ [G‘uﬂ’per] o .—“1 +3 [ G per] o X+ [29] e € CIET (61)
v 5

where the subcarrier index is omitted for brevity, is the UL noise distributed a&\ (0, au‘IM),
andx" is the UL beam domain transmitted signal of WT

Similarly to DL BDMA, the transmit directions of all UTs’ siwals are aligned to the beam
domain in UL BDMA, i.e.,E {_“1 (x4 } is diagonal. We assume equal power allocation [44]
across the scheduled transmit beams in the UL and focus an belaeduling.

With the assumption that the UTs know the statistical CSlhefmselves while the BS can
access to the instantaneous UL CSI of UTs over the schedlealenhg the corresponding UL

ergodic achievable sum rate with equal power allocationvisrgby

ul H
o ul,per —ul,per
U-1 det (I "’ Z /— 0 |Bul ut| |:Gu’ ]Bul’bs Bul’ut |:Gu’ i|Bu1,bs Bul,ut)
Rul,cpa o E log u Lo u L]
- § 2
ul —ul,per —ul,per H
u=0 det (I + > [G ’ } [G ’ ]
u ul ut u’ ul,bs pul,u u/ ul,bs jpul,u
7 |B | Bybs g Bybs gt

where Bt is the scheduled UL transmit beam set of UTpd! = P /o4 and P are the UL

(62)

SNR and power budget of U7, respectively. Then the UL beam scheduling problem can be
formulated as follows:

maximize Rubepa (63a)
{B;il,bs 7B;il,ut :ueu}

SSimilar to the DL case, with PBS, the instantaneous UL CSltmmbtained at the BS through properly designed UL pilot
signals [[16]. Note that the corresponding pilot overheaalesclinearly with the number of scheduled transmit beanas ith
usually much smaller than that of transmit antennas in UL niirf¢ massive MIMO.
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subject to BWPNBY =@, Yu # (63b)

|BEs| < BUYS, W, (63c)
Bt < By, v, (63d)
U-1
Z }B;ﬂ’bs‘ S Bul,bs7 (636)
u=0

where Bubbs | pulut “and Bulbs are the maximum allowable numbers of receive, transmit lseam
of UT u, and total receive beams in the UL, respectively.

The UL beam scheduling problem in_{63) exhibits a similauctiure as the DL problem
in (€0). Therefore, a (suboptimal) norm-based UL greedynbasgheduling algorithm as the
DL case with the objective function correspondingly chahgan be similarly developed. The

detailed algorithm description is omitted here for brevity

V. SIMULATION RESULTS

In this section, simulation results are provided to illagtrthe performance of BDMA with
PBS at mmW/THz bands. In the simulation, we focus on the Dhgmassion, and the UL
transmission, which exhibits similar results, is omittedéfor brevity. Two typical mmwW/THz
carrier frequencies, 30 GHz and 300 GHz, are consideredafrhg topology is set as ULA with
half wavelength antenna spacing for both the BS and the Udssitihe major MIMO-OFDM
parameters are listed in Tallé Il. Both the maximum allowatmimbers of DL transmit and
receive beams for each UT are set as 16, and the maximum allwamber of total transmit
beams is set to be the same as the number of BS antennas.

Assume that there ar& = 20 uniformly distributed UTs in al20° sector, and the mean
channel AoD is uniformly distributed if—=/3,7/3] in radians. All UTs are assumed to be at
the same distance from the BS, and the path loss is set asTheitandom channel realizations
are generated using a similar procedure as the WINNER llredlamodel [45], which has been
widely adopted in mmW/THz related works! [5], [29]. The numloé channel clusters is set as
4 and each of the clusters is composed of 20 subpaths [29]d@lag spread and angle spread
are set as 1388.4 ns and, respectively([456].

We first evaluate the performance of the proposed beam slihgdugorithm listed in Table
[l As it is difficult to perform exhaustive search for the calesed beam scheduling problem, an

extreme case, namely, interference-free case, in whicimtBeuser interference is “genie-aided”
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TABLE I
MIMO-OFDM SYSTEM PARAMETERS

Parameter Value
Carrier frequency 30 GHz 300 GHz
Number of BS antenna&/ 128 256
Number of UT antenna&’ 32 128
System bandwidth 100 MHz
Sampling intervall 6.51 ns
Subcarrier spacing 75 kHz
Number of subcarriersV,, 2048

CP lengthN, 144

eliminated, is adopted as the performance comparison besrgh Note that the performance

achieved by the optimal exhaustive search will lie betwéesé of the interference-free case and
the proposed algorithm. In Figl 1, the achieved DL sum rafabe interference-free case and
the proposed beam scheduling algorithm are presented. Weltserve that the performance
of the proposed beam scheduling algorithm can approachath#tie interference-free case,

especially in the low-to-medium SNR regime. In particufar, SNR=5 dB, the performance of

the proposed algorithm can achieve at least 90% and 83% ddgtimal exhaustive search at

carrier frequencies of 30 GHz and 300 GHz, respectivelyhendubsequent simulation, we will

adopt the proposed beam scheduling algorithm to save th@uwational cost.

We then evaluate the performance of the proposed PBS. Ws fatthe bit-error rate (BER)
performance of BDMA transmission for 1/2-rate turbo-codpghdrature phase-shift keying
(QPSK) mapped signals and adopt the following simulatiatirges. Each transmission frame
begins with one pilot OFDM symbol using the pilot design segfgd in[[16], followed by six
data OFDM symbols. An iterative receiver as introduced ifj |4 adopted. In Fig.12, the BER
performance of the proposed PBS and conventional spacein@yrachronization under typical
mobility scenarios is presented. The BER performance oifdba case, where the receivers have
perfect instantaneous CSI for static channels, is predeg¢he comparison benchmark. We can
observe that the proposed PBS outperforms conventionabsp@main synchronization signif-
icantly in typical mobility scenarios at mmW/THz bands, alihidemonstrates the effectiveness

of the proposed PBS.
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VI. CONCLUSION

In this paper, we have proposed BDMA for mmW/THz massive MIkl&hsmission with per-
beam synchronization (PBS). We have first investigated thysipally motivated beam domain
channel model and shown that when both the numbers of ardesinBS and UTs tend to
infinity, the beam domain channel fading in time and freqyesisappears asymptotically. This
channel property has then motivated us to propose PBS, wiwal over each beam of the UTs
is synchronized individually. We have shown that both thfeaive channel delay and Doppler
frequency spreads can be approximately reduced by a faictbe mumber of UT antennas in the
large array regime with PBS compared with the conventioyatisronization approaches, which
effectively mitigates the severe Doppler effect in mmW/Tdystems and leads to a significantly
reduced CP overhead. We have further applied PBS to BDMA. e hnvestigated beam
scheduling for both UL and DL BDMA and a greedy beam schedubigorithm has been
developed. The effectiveness of the PBS-based BDMA for mi¥¥/massive MIMO-OFDM

systems in typical mobility scenarios has been verified adimulation.
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