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ABSTRACT Analog-digital hybrid precoding and combining schemes constitute an interesting approach
to millimeter-wave (mmWave) multiple-input multiple-output (MIMO) systems due to the low hardware
complexity and/or low power required for its deployment. However, the design of the hybrid precoders
and combiners of a wideband multiuser (MU) mmWave MIMO system is challenging because the signal
processing in the analog domain is constrained to be frequency flat. Furthermore, the number of radio
frequency (RF) chains limits the number of individual streams that a common base station (BS) can
simultaneously serve. This work jointly addresses the user scheduling, the user precoder design, and the BS
hybrid combining design for the uplink of wideband MU mmWave MIMO systems. On the one hand, user
precoding and BS hybrid combining are jointly designed to minimize the impact of having frequency-flat
RF components. On the other hand, a number of users larger than the number of RF chains are served at
the BS by employing a distributed quantizer linear coding (DQLC)-based non-orthogonal multiple access
(NOMA) scheme. The use of this encoding strategy also allows exploiting the spatial correlation between
the source information. Simulation results show remarkable performance gains of the proposed approaches
for wideband mmWave MIMO hardware-constrained systems.

INDEX TERMS User scheduling, wideband mmWave, multiuser communications, non-orthogonal multiple

access, joint source-channel coding.

I. INTRODUCTION
It is expected that mmWave MIMO systems will accomplish
the required capacity increase for the next generations
of wireless communications systems [1]-[3]. Hybrid
analog-digital architectures for precoding and combining
have been proposed to provide a suitable trade-off between
the power consumption and the flexibility of fully digi-
tal solutions while providing high beamforming gains [4].
Hybrid transceiver architectures are based on decoupling
the signal processing for precoding and combining into
analog and baseband domains to reduce the number of RF
chains [3], [5].

Designing hybrid analog-digital schemes is particularly
critical for the MU uplink where a common combiner is
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employed at the BS to receive all the K served user streams.
In addition, MU communication systems nowadays demand
the feasibility of handling simultaneously a huge amount of
nodes (e.g., wireless sensor networks (WSNs) or Internet of
things (IoT) systems) and this would lead to the need of using
a large number of RF chains at the BS (NIIQF), since at least
one RF chain is necessary to receive each data stream [3].
For this reason, we have explored in [6] a new user grouping
approach and hybrid system design for practical narrowband
mmWave MIMO systems having fewer RF chains than user
streams (i.e., Ny < Kj). This scheme, by properly canceling
the inter-group interference, is able to deal with the hard-
ware and power limitations by leveraging a NOMA strategy
based on the use of DQLC. DQLC mappings are also able
to exploit the spatial correlation between the sources [7],
[8], which is relevant in scenarios like WSNs or IoT where
the sources usually produce correlated information. However,
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DQLC-based schemes are particularly sensitive to interfer-
ences and for this reason, it is fundamental to properly design
precoders and combiners in the uplink to successfully elim-
inate the MU interference. Several works have been devel-
oped by assuming single user schemes in wideband scenarios
[9]-[13]. However, in MU wideband scenarios, the design of
hybrid precoders and combiners to manage the MU interfer-
ence becomes more challenging since the common RF com-
biner is frequency flat and, hence, the analog combiner has
to be jointly designed for all users and subcarriers. Moreover,
the large channel bandwidth leads to the beam direction of
the steering vectors, an eventuality known as beam squint
effect [14]. This effect also needs to be considered in order
to effectively remove the MU interference.

Limited work has been carried out for strongly
hardware-constrained hybrid precoding and combining in
MU wideband scenarios [15]-[19]. The authors in [15]
and [16] considered MU setups having more than
one phase shifter (PS) for each RF chain connection to a sin-
gle antenna, thus leading to more complex architectures. The
authors in [17] develop a projected gradient (PG) algorithm
to leverage the common structure of the channel response
matrices among different subcarriers in wideband scenarios.
In [18] a hybrid MU equalizer with dynamic subarray anten-
nas for the uplink of single-carrier frequency-division multi-
ple access (SC-FDMA) systems is proposed. The equalizer
design is based on two steps by minimizing the mean square
error (MSE) of all the subcarriers: the digital equalizers are
iteratively designed on a per subcarrier basis, whereas the
analog equalizer is fixed over the subcarriers and iterations.
A dynamic antenna mapping was derived for the analog
combiner in order to connect the best set of antennas and
the phase shifter to each RF chain. The authors in [19] focus
on the hybrid precoding design in a downlink mmWave
MU scheme. A two-step scheme was developed to cancel
the inter-user interference by considering infinite angular
resolution and a non-uniformly spaced quantization code-
book based analog precoder with finite angular resolution.
Furthermore, the authors proposed a phase compensation
operation to alleviate the beam squint effect.

All these works assume that the number of RF chains is
at least equal to the number of individual data streams to
be collected, i.e., NkRp > Kj, and therefore the developed
algorithms are not suitable for NOMA schemes [20] with user
grouping where Nrg < K. Moreover, most of these works do
not consider the beam squint effect and its critical impact on
the cancellation of interferences.

A. CONTRIBUTIONS

In this work, we propose a novel wideband hybrid combining
design, with its corresponding user grouping and schedul-
ing scheme, for the uplink of mmWave MIMO systems
where a strong hardware constraint at the BS is considered
(Ngp < Ky). This corresponds to a scenario where more
streams than available RF chains at the BS could be allocated
for each subcarrier. The proposed transmission scheme is
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specifically designed to deal with the difficulties described
above when considering wideband scenarios. In particular,

the main contributions of this work are the following:
o The design of a novel approach for the interference

cancellation at both ends of the communication link
considering the hardware constraints imposed by the
hybrid architecture at the BS in wideband scenarios. The
proposed algorithm jointly configures the user precoders
and the BS hybrid combiner to minimize the inter-group
interference in the user grouping NOMA scheme.

o The development of an extended version of the factor-
ization algorithm proposed in [6] to decouple the BS
filter which considers the hardware constraints of hybrid
architectures in wideband mmWave MIMO systems.

o The design of two user grouping and scheduling strate-
gies for wideband scenarios that consider the beam
squint effect present in wideband systems. One of them
also considers the hardware constraints related to hybrid
architectures in wideband mmWave MIMO systems.

B. ORGANIZATION

The remainder of the paper is structured as follows. The
system model is detailed in Section II. The joint design of
the hybrid combining and the scheduling algorithm to handle
the user grouping deployment in wideband mmWave MIMO
systems is described in Section III. A novel algorithm for the
joint computation of the user precoders and the BS combiner
is approached in Section IV. The computational complexity
of the proposed algorithms is addressed in Section V. Finally,
we present simulation results and comparisons in Section VI,
while Section VII is devoted to present the conclusions.

C. NOTATION

The following notation is employed throughout this paper: a
is a scalar, a stands for a vector, [A]; ; is the entry on the i-th
row and the j-th column of the matrix A and [A]; . represents
the i-th row of A. Transpose and conjugate transpose of A
are AT and A*, respectively. |[A| denotes the Frobenius
norm of A and AT its pseudoinverse. The operator blkdiag (-)
constructs a block diagonal matrix from the input matrices
and span (-) is the operator that generates an orthonormal
basis for the range of the input matrix. Calligraphic letters are
used to denote sets and sequences being | A| the cardinality
of A. Finally, ® represents the Kronecker product and E[-]
stands for the expectation operator.

Il. SYSTEM MODEL

Let us consider an uplink MU wireless scenario with K
users communicating with a common BS equipped with
NfQF RF chains and N; antennas as shown in Figure 1.
To fully exploit the large bandwidths available at mmWave
frequencies, users send wideband signals. Consequently,
these signals are affected by a frequency selective channel
that is decomposed into L parallel subchannels thanks to
the use of the orthogonal frequency-division multiplexing
(OFDM) modulation. The resulting L symbols associated
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FIGURE 1. System model of an uplink MU wideband mmWave MIMO
system with K users and L subcarriers.

to the L subcarriers are transmitted by the users employ-
ing a cyclic prefix long enough to avoid inter-carrier inter-
ference (ICI) and inter-symbol interference (ISI). Although
single-carrier schemes present low peak-to-average-power-
ratio (PAPR), OFDM provides greater flexibility for schedul-
ing than single-carrier schemes. Moreover, the PAPR can also
be reduced substantially by employing several strategies with
a limited impact on the system performance [21].

We also consider that the users send a single data stream
to the common BS per channel use and subcarrier. At each
time instant, KS(K) < K users are served while KI(Z) users
remain idle at the ¢-th subcarrier. The set K contains the
subset of active users lCée) and the subset of idle users
ICYZ) such that £ = ICgZ) U Kiz), VY ¢. The number of
served and idle users is given by the cardinality of the sets,
ie., Kf() = |IC£D| and KI(Z) = |IC;[)|, respectively. Finally,
the set JC will contain all the available users in the system, i.e.,
K=k =k + k9, v e

We follow an approximation where the users are gathered
in G groups by means of an appropriate scheduling algo-
rithm such that G, < GO groups contain the served users,
whereas Gg) is the number of groups with idle users at the
£-th subcarrier. We establish that the number of served groups
is the same for the whole bandwidth, i.e., G, = Nf{F, whereas
the total number of groups G is subcarrier dependent and
changes according to the considered scheduling algorithm.
Denoting g}‘” as the i-th group at ¢-th subcarrier, equalities

{4
KO = 0% 6O and K0 = U9 6O holav e = 1. L
For convenience, we also introduce the vector g which
contains the number of users per group, where each compo-
nent g(e) |g“)| represents the number of users in the i-th
group such that ZIG 1 g(e) = KS(E). Note that, although the
number of served groups is fixed throughout the whole band-
width, the number of collected user symbols per subcarrier
at the BS, KS(Z) , 1s variable since it depends on the specific
composition of the served groups.
We assume that each user has N; antennas to send a single
data stream of discrete-time continuous-amplitude symbols

41362

to the BS. The vector of the K user symbols at subcarrier
£is s = [s(e) s(za, .. %)] which follows a zero-mean
spatially correlated multlvarlate complex-valued Gaussian
distribution with covariance matrlx C( ) — = E[s®Ws*], such
that [CO1x = 1, ¥ k, and [CO);; = pij, 0 < pij < 1,
Vi, jwithi #j.

The source symbols corresponding to the served users
are individually encoded by means of the mapping func-
uonsf“)(s“) Vi=1,..G, Vj=1..g"
VI = , L, where f; (])( -) corresponds to the mapping
function apphed to the symbols of the j-th user in the i-th
group at the £-th subcarrier. We assume that the encoded sym-
bols satisfy the inequality constraint E\[ iff) ( f?) | ] <1,
V i,j,£. All the encoded users symbols at subcarrier £ are
stacked in the following vector

H069) = [fff’(s(fi) ,

T
(50) A0 (0 )|
Next, the encoded symbols are transformed by the lin-
ear precoder pl € CM>1 and then transmitted over the
uplink channel. An individual per-subcarrier power con-
straint is considered at each user as in [17], such that
||p“)||F <Tyj. Y i.j. € with T;j = T/ /L, being T}  the total
power constraint per user. In this paper digital precodmg is
assumed at the users as in [22]. Therefore, we can consider
that the number of RF chains required at the users is equal to
the number of transmit antennas, i.e., Ny = Nl‘{F since N is
often a small number.
The received signal from the active users at the ¢-th
subcarrier reads as

0)_(0) 4
(E) _ Z ZH( )pfj) ( )(SE,/‘)) + n(@)’ 2)

i=1 j=I

where H() e CN>*M js the mmWave channel response
correspondmg to subcarrier £ of the j-th user in the
i-th group, and n®® = [nl,nz,...,nNr]T represents the
complex-valued additive white Gaussian noise (AWGN) such
that n®©® ~ A¢(0, ar?I). The received signal at subcarrier £
can also be rewritten in a more compact way as

O = HOPOKO(5®y) 4 n© 3)
where
{4 (£) o)
HO = |:H1’1,,_.,HGS (Z)} “4)
and
P© = blkdiag <p(l’~’>l, . (@) : ©)
S’gGs

At the receiver, a BS hybrid combiner Wg) ve=1,...,L,
is implemented with Ng RF chains to fulfill the task of
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decoupling the uplink received signal y© as
¢
2 = Wiy, ©)

where Wi” = WiHOW:. with WS) € CMrxGs the
baseband combiner for the ¢-th subcarrier and Wrg € WRE
the frequency-flat RF combiner. The term Wgg € CVR*VNie
represents the set of feasible RF combiners imposing a mod-
ulus constraint at each entry. The hybrid combiner aims at
canceling the interference between the different user groups
such that each entry of the vector z©) only contains the
combination of the symbols transmitted by the users in the
corresponding served group. Note that the dimension of
the vectors of filtered symbols at each subcatrier is actually
2D e COx1 vy,

Then, the set of decoding functions q¥(z®) =

)(z(z)) R qG)(z( ))] provides an estimate of the source
symbols for the served users at subcarrier £ as

), (£ N¢4
s0; = 40") = [Sfl) e

Since we are considering the transmission of analog
complex-valued source symbols, the performance of the com-
munication system is measured in terms of the mean square
error (MSE) between the source and the estimated symbols.
Table 1 summarizes the main system model parameters con-
sidered in this paper.

*(0)

S*

T
0] vi=1....6
ig

,\8;
i

A. CHANNEL MODEL
The channel response matrix which describes the link
between the BS and the j-th user in the i-th group at the m-th
delay tap withm € {0, ..., Lp — 1}, being Lp the maximum
number of delay taps, is defined by [23]-[25]

Npyj

¢ ¢
H) =y Bijnpee (mTs—7ij.n)agd @S )ag (@), ). (1)
n=1
where pr(¢) stands for the raised cosine pulse-shaping filter,
7 j,n 1s the relative delay for the n-th path, T is the sampling
period, y = /NNy /Np, j is a power normalization factor and

Bij,n Tepresents the complex path gain for the n-th path. The
term ¢' stands for the azimuth angles of departure (AoD) at
each transmitter and ¢BS are the azimuth angles of arrival
(AoA) at the BS.

In the frequency domain, the channel response (7) for the
link between the BS and the j-th user in the i-th group can be
represented as [3]

Lp—1

0 _ (m) j2wm(t—1)/L

H = ) HPemmeV

m=0
NPi,j

[4 4 4

= > B and@P a8 ). ®)

n=1

where £ € {1,... L} The path gain :81 Jon is obtained as
,6.(13.) = yBijn Zm 0 prc(st—rij wel2mE=D/L The nota-

i,j,n
tion at*( )(q) ) and a(z) (¢>55n) is introduced to highlight that

ij,n
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TABLE 1. System model parameters.

Parameter | Setting

Number of users | K
Number of antennas per users | N;
Number of subcarriers | L
Vector of the K user symbols at subcarrier £ | s(©)
Correlation matrix (user symbols at subcarrier £) 05‘”
Mapping function: j-th user in the i-th group at subcarrier £
Precoder: j-th user in the i-th group at subcarrier £ | p, F
Number of RF chains at the users | Ngp
Total power constraint per user | 77
Vector of AWGN at subcarrier £ | n(9)
Subset of active users at subcarrier ¢ ICS(K)
Subset of idle users at subcarrier ¢ ICI(Z)
Number of served user groups for all the subcarriers | G
Served users at subcarrier £ | K, S(e)
Idled users at subcarrier £ | K; I(e)
i-th group of users at ¢-th subcarrier | G Z-(Z)
Vector with the number of users per group at subcarrier £ | g(©)
Number of antennas at the BS | N;
Number of RF chains at the BS | Npp
BS hybrid combiner at subcarrier £ WI(_IZ)
Baseband combiner at subcarrier £ Wé@
Frequency-flat RF combiner | Wrgp
Post-combining group symbols at subcarrier ¢ z(0
q® (z®)

Estimated served user symbols at subcarrier £ | §(9)

Decoding functions at subcarrier £

the array response vectors are affected by the beam squint
effect present when considering large bandwidths [25]-[27].
Since we are assuming uniform linear arrays (ULAs) at both
ends, the array response vectors aEE)(#) and a(z)(¢BS) are
given by [28], [29]
© _ LI: %’cdsin(p
a¥ (¢) N 1,¢

k]

e]fe cd(N—1) sin ¢]

&)

where N is the number of antennas in the array, f; is the
frequency at the ¢-th subcarrier, ¢ is the speed of light, and
d is the inter antenna spacing which is often equal to A/2,
being A = f% the wavelength and f. the carrier frequency.

Ill. USER GROUPING

In [6] we proposed a NOMA scheme based on the use
of DQLC mappings which enables to serve more than one
user over the same RF chain for narrowband scenarios. This
approach requires the design of an adequate user grouping
strategy to balance the trade-off between the system perfor-
mance and the number of served users. We aim at extending
this idea to wideband scenarios which leads to significant
changes in the design of the user precoder and the BS hybrid
combiner, as well as in the scheduling algorithm.
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A. NON-ORTHOGONAL MAPPINGS AND DIGITAL DESIGN
We assume that non-orthogonal DQLC mappings are individ-
ually applied into the G, < G® served groups. The imple-
mentation of DQLC per group establishes that g(l) 1 users
of the i-th group at the £-th subcarrier transmit a quantized
version of their symbols while the symbol of the remaining
user is just scaled by a power factor (a ) so that it can be
placed between two quantization steps of the encoded user
symbols. Therefore, the DQLC mapping function for the i-th
group at the ¢-th subcarrier is mathematically stated as [7]

(£)
Q02 L1 1o o
=1 a2
© (0 ©
@i Sije I=g
where a( i represents the scale factor and Al ]) represents the

quantization step employed by the j-th user in the i-th group
at the £-th frequency sub-band. The DQLC parameters are
adjusted according to the signal-to-interference-plus-noise
ratio (SINR) in a way similar to the narrowband scenario
approached in [6]. Here, we consider that the channel sym-
bols at the BS for the £-th subcarrier are given by

720 — R(@)f(@)(s(f)) + ﬁ(e)’ (11)
where
4
R® — W"I;( IHOPWO (12)

represents the equivalent channel response for the encoded
symbols after the combining process and A = W:I(e)n“)
is the equivalent noise. Note that the SINR corresponding
to the ¢-th subcarrier of the uplink signal can be obtained
directly from the equivalent channel matrix R e OOk
and the noise power. The vector of filtered symbols can be
decomposed into its individual components as

£

()

8i
= Y ROY pof; s (s
j=1
G g
{4 {4 4
+ Z Z R( )]l [b(r)+] ( )(S( ))+n( ) Vi=1,. GS,
r#i
(13)
where b(i) = t 1 Ee) + 1 is an auxiliary index that

determines the first component of the equivalent channel
matrix corresponding to the i-th group. The first term in (13)
is the desired signal for the i-th group, the second term is
the inter-group interference, and the third term is the i-th
component of the equivalent noise after filtering. It is worth
noting that the quality of the DQLC demapping process is
determined by the SINR level at the input of the demapping
functions assuming that the mapping parameters are properly
adjusted according to such a value. In addition, SINR values
will be maximum when the second term in (13) vanishes
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which happens when the equivalent response matrices have
the following structure

RG] ©
LA e T 0o ... 0 o ... 0
281
) )
O ... 0 r; ... 1 0O ... O
RO— 2,1 21g<26)
0 0 : :
() ©
0 ... 0 0 0o r el r
L Gl Gy-2, |

(14)

where the zero entries represent the inter-group interference
at subcarrier £, while the non-zero elements are the desirable
post-combining equivalent channel gains. This structure can
be obtained by implementing a fully digital combiner at the
BS by imposing the condition

[W*(Z)] H(e)pfzj) =0,

Vi#k, with k,i=1,.. o,

andj=1,...,g
(15)

S’

Thus, the fully digital combiner is designed in the context
of DQLC-based systems to cancel the interference caused by
all the users from the other groups. The digital filter imple-
mentation that guarantees the fulfilment of the conditions in
(15) was derived in [6, Algorithm 3]. This implementation
considers digital maximum ratio transmitter (MRT) precod-
ing in the users and a common digital combiner for the BS to
cancel the inter-group interference per subcarrier. Through-
out this paper, this strategy will be labeled as DCc-DMRT
(Digital Combiner cancellation - Digital MRT). The same
result can also be reached by considering a digital maximum
ratio combiner (MRC) at the BS and canceling the inter-group
interference with the digital precoders (DMRC-DPc). This
approach is similar to [30, Section 3] and invokes the MSE
duality principle [31].

After the filtering step, the DQLC demayplng functions
q©z®) produce the estimated symbols s Y i, £. DQLC
decoding methods can be found in [32, Sectlon III] and [33,
Section IIT].

B. HYBRID COMBINING FOR USER GROUPING IN
WIDEBAND SYSTEMS

In this section we extend the algorithm proposed for hybrid
combining in [6, Algorithm 4] for hybrid mmWave wideband
scenarios assuming the condition N{{F =G, < Ks(e) Vv L.
In this case, we design a PG algorithm for hybrid combining
considering the structure imposed in (15) where the analog
part is frequency-flat, as shown in Figure 2.

Let us define the matrices W* = [W*(1), ... W*®)] and
Wi = Wi (I @ Wip) = | Wi *(L)] (I, ® Wip)
such that W* € CO*ML Wi e CGsXGL and Wgr € Wip.
Most works in the literature (e.g., [5], [17], [34]-[36]) address

the optimization of Wgp and WgF as the minimization of the
difference between the digital combiner and the hybrid one
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FIGURE 2. Hybrid combiner architecture in a wideband (L subcarriers)
mmWave MIMO system with DQLC NOMA.

in the euclidean space, i.e.,

min  |W—I® Wrp)Wesl; st. Wrr € Wge.
Wgg, Wrr
(16)

We instead focus on diminishing the distance between the
digital combiner response and the hybrid combiner response,
therefore considering the following distortion metric [6]

d (Wrr, Wep) = |R — Wi (I, ® WipHP[7,  (17)
and posing the following minimization problem

min  d (WRrgp, Wag) s.t. Wgrr € Wy, (18)
Wgg, Wrr
where R = [RWD, ... RV, H = blkdiagHD, ..., HD)
and P = blkdiagP",...,PL). Note that R €
COXT K" Wi e COXLO W e Wie, H €
CNLXN YT K and P e CNe Sl KO xXh KO
Note that this approach is especially suitable for the
DQLC-based system because we are rather interested in pre-
serving the structure of the equivalent channel response R
than in preserving the entries of the digital combiner. In the
following, we derive a PG algorithm (see Algorithm 1) to
solve the non-convex optimization problem in (18) under the
assumption Ny = G;s. We start determining the gradient of
the cost function (17) which leads to

ad
OWip

L
— Z Wg])gR(Z)P*(Z)H*(@)
=1
+ W Wh WROHOPOP OO (19)

The analog combiner in the first iteration (WRrg(0)) is calcu-
lated as the projection of the digital combiner correspond-
ing to the central subcarrier onto the set WRrp (step 2,
Algorithm 1) whereas the step size u is diminished in order
to reach a local optimum. Next, at each algorithm iteration,
the unconstrained solution for the analog RF component is
given by
ad

Howe.
which is then projected onto the set of feasible solutions
Wrr (step 7, Algorithm 1). The least squares (LS) solution
is next employed to update the baseband combiner such that

Wip = Whp — (20)
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Algorithm 1 PG
Input: {HO}_ (CerNtKie),{P(/é)}é_l c CMKS([)xKY)’
. e
{W(Z)}ézl c (CNrXGs’ {R(E)}%zl c CGsXKS . 1o, 5. €
1: Initialize: ¢ < 0

2 [Wrr(O)ij = 5 exp (j arg (WH2]5)) . Vil
3 U< o

4: repeat
5: c<«c+1

X ad
6: WEF(—WEF(C—I)—/LM

T [Wieliy(© = i exp (jare (Wigliy) ) . Vi
8 Wip(o) = R(PPH (I, ® Wge(c))'

9: error(c) = d (WRrg(c), Wgg(c))

10: if error(c) > error(c — 1) then

11: w < /2

12: until error(c) < 8 or ¢ > ¢

13 W = WepWi v e

(0L
Output: {Wy'},_,

Wi = REPHI. ® Wre)'. Algorithm 1 shows the
sequence of steps corresponding to the extended PG-based
approach to compute the hybrid combiner from the digital
version. This iterative algorithm is stopped when the dis-
tortion d falls below a certain threshold value or when the
maximum number of iterations € is reached.

C. SCHEDULING FOR WIDEBAND USER GROUPING
The scheduling procedure aims at determining the number of
user groups, the composition of each group and which groups
are served at the BS per subcarrier, i.e., it must determine g“)
and g}‘”v i, £. It hence comprises two intertwined steps: the
grouping strategy and the allocation policy. Both steps have
been approached in [6, Algorithm 1 and Algorithm 2] for a
narrowband scenario. For wideband systems, we will follow
a strategy that considers the limitations imposed by the use
of DQLC mappings but with the novelty of incorporating the
intrinsic limitations of working with a common RF combiner
for all the subcarriers, and considering the per-subcarrier
dependent impact of the beam squint effect. Notice that the
two main factors which will determine the performance of
the proposed wideband system are the source correlation and
the similarity between the user and the subcarrier channels.
On the one hand, the performance of DQLC schemes is
definitively conditioned by the spatial correlation among the
source symbols and the channel similarity for those users
which are in the same group and for a specific subcar-
rier [6], [7]. Hence, it is essential to consider these two
factors, intra-group correlation and intra-group channel sim-
ilarity, to gather users in the same group. On the other hand,
the requirement of canceling inter-group interference with
a hybrid combiner where the analog part is common for
all subcarriers necessarily leads to a scheduling procedure
where it is preferable to select users with similar channels
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for the same group index through all the subcarriers. For
example, the composition of the first user group for the L
subcarriers, i.e., QIZ) V £, should not only consider the channel
similarity among the users individually at each subcarrier,
but also the inter-subcarrier channel similarity. Thus, it is
desirable that the inter-subcarrier channels for the users in
g§”, g§2), e ggL) are also as similar as possible. A user
allocation based on this premise will enable a better overall
inter-group interference cancellation by using the common
RF filter.

In addition, the channel similarity threshold y5 and the
cross-correlation threshold y,, are considered to discard users
that could degrade the system performance when including
them into the groups. These thresholds allow us to manage
the system requirements: either incorporating as many users
as possible to the detriment of the quality of service or
introducing a smaller number of users while guaranteeing a
high level of the received signal quality (see [6, Subsection B,
Section III]). Also, we set the maximum number of users
per group to gmax = 7 and focus on the allocation by also
considering the different subcarrier channels.

As was mentioned, two important factors must be taken
into account when considering DQLC mappings to perform

the allocation:
1) The spatial correlation between the users per group

(intra-group correlation).
2) The similarity of the user channels per group

(intra-group channel similarity).
These two factors are jointly integrated in [6, Eq. 18] by using

the metric
my = 8pﬁk + 85 Csimk » 2n

where the factors §,, and &5 define the weight of the correlation
and similarity criteria, respectively, oy is the mean of the users
cross-correlation in a group G;, whereas the parameter Cgjpyy
measures the convenience of including a user in the group G;
according to its channel response similarity w.r.t. the already
allocated users in G;. Note that this part of the allocation
procedure should be incorporated into the new allocation
policies for wideband scenarios as it is a consequence of using
DQLC mappings.

When considering wideband communications, two differ-
ent situations can arise. First, in wideband scenarios where
the beam squint effect is negligible, the user channels across
all the subcarriers have rotated row and column spaces [13],
i.e., the channels are very similar, since the actual steering

. {4
vectors are the same at each subcarrier channel (atg j) =a,;

¢ .. . g
and aBsg’ j) = agg, j» V i, ], £). Inthese scenarios, an individual

allocation per subcarrier following a straightforward approx-
imation of [6, Algorithm 2] can be performed.

Nevertheless, when considering larger bandwidths, chan-
nel similarity is lost and the per subcarrier AoA and AoD can
be spatially distinguished due to the beam squint effect [13].
Hence, the design of the user allocation also needs to con-
sider the inter-subcarrier channel similarity. In the following,
we describe three possible allocation strategies.
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1) INDIVIDUAL ALLOCATION

In this strategy, an individual allocation is performed per
subcarrier and thus the user groups, the composition of each
group, the served group indexes and the number of served
users Ks(e) will be different per subcarrier. This strategy is a
straightforward extension of [6, Algorithm 2] and it does not
consider the beam squint effect.

2) COMMON ALLOCATION

In this strategy, the user distribution per group is obtained by
considering a similar metric to (21), mc; = 8, 0k + 85 Cesimk »
and this distribution will be the same for all the subcarriers,
ie., g,F" = G;, V £ and thus Ks(e) = K, V £. Therefore,
we start including in the group the user with the best channels
i.e., with the largest singular values across the subcarrier
channels. Next, we use the metric Ccsimi to measure the
convenience of including a new user (k) in G; by jointly
computing the channel similarity of all the user channels in G;
and considering all the subcarriers. With this aim, we define
the matrix

T
_ (1) T(L) T(L)
He=[Hgg) . HG) . Mg [ @)

which includes all the subcarrier channels for the Z users
already allocated in the sequence G;, and the matrix

T
’_ T I (D) T (L)
H, = [BLHLY. ] (23)
which also includes the L channels for the candidate user
K (k). We now employ the auxiliary vector p;, i.e., the right

singular vector associated to the largest singular value of He,
and similarly p; for H, to compute the parameter Cegimy as

L z ®
Yoot Xy Mg pill?

L Z {4 L 4 :
Yl X5 IHG P + Y IHIG, )2
(24)

Ccsimk =

Note that this allocation strategy incorporates the
inter-subcarrier channel similarity and is thus especially
suitable for large bandwidth schemes where the beam squint
effect is present. Indeed, by including all the subcarrier
channels corresponding to the allocated users as well as the
candidate user, the expression (24) will provide an overall
similarity across all the subcarrier channels that measures the
convenience of including each candidate user.

3) SEQUENTIAL ALLOCATION

This strategy sequentially includes the inter-subcarrier chan-
nel similarity to build the groups. We aim at designing an
allocation strategy to approximately overlap the inter-group
interference subspaces across all the subcarriers.

We start by including in the first group the user with the
best channel and by considering the inter-subcarrier chan-
nel similarity as in the previous common allocation. In this
case, however, the users per group are specifically chosen
at each subcarrier. This allocation procedure is performed
sequentially across the subcarriers such that we select the
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user whose channels are more similar considering the pre-
vious subcarriers of the users already allocated in the same
group index. Thus, the proposed policy performs a sequential
allocation where the best user is always selected according to
the source correlation, the intra-group user channel similarity,
and the inter-subcarrier channel similarity. Hence, unlike the
common allocation, the group composition might be different
for different subcarriers. Then, after projecting any calculated
fully digital filter onto the set of feasible RF combiners,
a common frequency-flat RF filter will be produced to cancel
the inter-group interference at each sub-band.

After selecting the first user for each group gl.“), we next
define the metric Cpsim;, 10 measure the convenience of
including a user (k) in gi‘“. Such metric jointly considers
the channel similarity of all the subcarrier channels for the
users in gl.“) and all the subcarrier channels of the candidate
user K(k). Once the allocation for the first subcarrier is
completed, the group scheduling of the next subcarriers is
sequentially determined by taking into account the group
composition of the already allocated subcarriers. Hence,
the overall channel similarity for the i-th group at the {-th
subcarrier is defined as

L Z g
o 2 it 2zl (g()“ pil>+C

psimg = 0)
ZZ 122—1 ”H (5)

0)
P 2430 I, pl2+D

(25)
with
L oi-18"
= 4
C=Y" I (me)( il (26)
=1 m=1z=1
and
Loi-18"
~ 4
D=3"3" > IHy, pil 27)
=1 m=13=1 i

As observed, Z users are assumed to be already allocated to

the i-th group at the current {-th subcarrier, i.e., in g( ) The
terms C and D take into account the channels corresponding
to the users which have already been allocated in the same
group index i but at the previous subcarriers. Similarly to
the common allocation, we also use the auxiliary vectors p;
and p;, but here H_ results from the concatenation of the
L sub-channels for the users allocated in the same group
index i at the previous subcarriers and for the Z users already
allocated for that group at the current {-th subcarrier.

It is remarkable to recall that the user groups, their com-
position, and thus the number of served user symbols KS(Z)
are subcarrier dependent in this allocation algorithm. Note
also that, by taking int account the channel similarity of both
the users and the subcarriers, this strategy jointly considers
the DQLC singularities and the limitations of working with a
common RF combiner at the BS.
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IV. GNU-SVD INTER-GROUP INTERFERENCE
CANCELLATION ALGORITHM

In this section, we derive an algorithm termed group
null-space directed SVD (GNU-SVD) for the joint design
of the user precoders and the hybrid combiner at the BS
in the uplink MU mmWave MIMO setting under consider-
ation. This algorithm assumes that the composition of each
group, the served groups and the number of served users
Ks(e) per subcarrier provided by the scheduling is known. The
inter-user correlation per group is also calculated in this algo-
rithm to compute the DQLC parameter optimization (step 5,
Algorithm 2). GNU-SVD is summarized in Algorithm 2 and
can be divided into two main steps.

Step 1: the signal-to-noise ratio (SNR) is maximized at
transmission by means of a MRT precoder per user and at
each subcarrier f)l(.,ej) vV i,j, € (step 6, Algorithm 2). Then,
the ¢-th digital unconstrained combiner W is obtained as
in [6, Algorithm 3] to cancel the inter-group interference
(step 9, Algorithm 2), but using the conditions given in (15).
Up to this point, fully digital precoders and combiners are
considered and the inter-user interference is just removed
among those users in different groups at each subcarrier.
Next, we design the hybrid combiner by using Algorithm 1
(PG) in the step 17 of Algorithm 2 and, consequently, a resid-
ual inter-user interference will appear since the constraints of
the hybrid implementation make infeasible the full cancella-
tion of the inter-group interference. This residual interference
can cause large losses in the system performance because it
seriously affects the optimization of the DQLC parameters.

Step 2: the residual inter-group interference is removed by
means of the digital precoders at the users and the hybrid
combiner obtained in the previous step. Notice that the lim-
itations imposed by the hardware, namely the frequency flat
response of the analog part of the combiner, demands a
refinement of the joint precoder and combiner design in order
to lower the interference down to a level that enables the use
of DQLC. Hence, we define the equivalent channels I:IEZ) for
the i-th user group at subcarrier £ as

3O _ [ Ow® * Oy
B =B oW, oW (28)

Next, we project each MRT user precoder f)f? V i,j, £ onto
the nullspace of the equivalent channels of the users allocated
in different groups (step 23, Algorithm 2). We eventually get
the user precoders as pg? = (I - NEK)NSK)* pfo , where Nga
is the basis for the subspace spanned by the columns of the
matrix

1 O

() 5 (GO (9] ()
LIRS S : AURS - U
Algorithm 2 summarizes the GNU-SVD procedure to deter-
mine the user precoders and the hybrid combiner at the BS.

g =

V. COMPUTATIONAL COMPLEXITY ANALYSIS
In this section, we analyze the computational complexity of
the proposed Algorithm 1 for hybrid combining, the proposed
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Algorithm 2 GNU-SVD
Input: H" V k, 1, Cs, Nip, g

1. Initialize: P = [LW=[LH=[LR=]],

2. fort=1,...,Ldo

3: repeat

4: i< i+1

5: C(E) < Inter-user correlation per group

6: P“) = blkdiag (pfel) ey pge; ) <« MRT
H(K) [ )]

8: until i = Ny

9. W® « [6, Algorithm 3] Fer subcarrier

10: PO =blkdiag(P", ..., P

1 HO=[m®, ..., Hg)]
12 RO — wHOgOPWO

13: Wo = [WxD o wD)]
14: P = blkdiag(P(V, ..., PL))
15: H = blkdiag HD, ..., HD)
16: R=[RWD, ... RD)
17: W =W FW(") < Algorithm 1 (H, P, W, R)
18: for t=1,...,Ldo
19 fori = 1 , Gg do
1 (0) * <e> (@ H Ow®

2. A0 — [ Owo . m Dwil.
21: Igi(e) = H(lé), .. ng)l’ Hffr)l e I:Ig;]
22: NEZ) <basis for the subspace span (Ig@)
23: forj=1,...,gido ‘

4 4 4 ~(L
e P = (1= NONO*) 50

Output: P, Wy

Algorithm 2 for user precoding and hybrid combining, and
the considered allocation policies: individual, common and
sequential. The complexity orders for the different algorithms
are shown in Table 2.

The main contribution to the overall computational com-
plexity of Algorithm 1 corresponds to the calculation of each
candidate for the RF combiner (step 6), which involves the
gradient computation. The overall complexity order of this
step is O (NrNtNRFKS). It is remarkable that the computa-
tional complexity of the whole Algorithm 1 increases with
the number of iterations € needed to reach convergence. This
leads to an overall complexity order O (NrNth{FKse).

In the GNU-SVD algorithm, the main contribution to the
overall complexity is the computation of all the MRT user
precoders p(®); ; in step 6. The computational complexity
order of this step is O (Nr3L2N1§F) because it is required to
carried out the singular value decomposition (SVD) of the
user channels.

Regarding the allocation algorithms in Section III-C,
the sequential allocation algorithm is the more complex. Its
complexity order is bounded by O (NrNtszK 2g2 x), which
corresponds to the computation of the overall channel sim-
ilarity in (25). On the other hand, the individual allocation
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TABLE 2. Computational complexity of the proposed algorithms and
scheduling policies.

Algorithm Complexity order

Algorithm 1 PG N:N{NipKLe)

Algorithm 2 G-Nu-SVD N3L?Ngg)

Common allocation N:N2L2g2.,)

O
o
Sequential allocation O (N:N2L2K?%g2,,)
O (
O (

Individual allocation N:NZLg2.,)

algorithm is the least complex one since its complexity order
is bounded by O (M, ( NZ2Lg? dx) Finally, the common alloca-
tion algorithm exhibits an intermediate complexity, mainly
determined by the SVD decompositions in (24), with an order
of O (N:N?L?g2..)-

VI. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
algorithms through different computer simulations where
several combining design techniques and scheduling
implementations are compared. We consider an exponential
correlation model for the user symbols where the source
correlation matrix entries are given by [ng)] ij= p'i’j‘, Vi,j,
with p the correlation factor. According to this model,
the vectors of the K user symbols are generated from a
multivariate circularly-symmetric Gaussian distribution with
zero mean and covariance matrix Cg = Cff), vV ¢. A MIMO
setup with Ny = 100 antennas deployed at the BS and N; = 8
antennas per user is considered.

Results are averaged over N = 1000 channel realizations
for each experiment. The parameters for the channel model
are set to Lp = 8 delay taps and Np = 3 channel paths
Vi, j. The AoA’s and the AoD’s are assumed to be uniformly
distributed over the interval [0, ] as in [25]. The relative
delays 7;j , are also random and assumed to be uniformly
distributed over the interval 7;j, € [0,(Lp — 1)T], with
Ty = 1/f; and fy = 1760 MHz. The complex-valued channel
gains are i.i.d. random variables B¢, ~ Ng(0,1). The
central carrier frequency is f = 28 GHz whereas the signal
bandwidth varies from 800 MHz to 3200 MHz. The number
of subcarriers is set to L = 32.

The system performance is assessed in terms of the average
signal-to-distortion ratio (SDR) defined as

SDR (dB) = 10 log, (l/ésum), (29)
where
N L G 85[)
Equm = SN -39 7 6o
(@) n,i,j n ij
NLZ[ 1 K7 0 = it =

represents the average MSE between the source symbols and
the estimated ones obtained after the demapping operation at
the BS.
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TABLE 3. Simulation parameter setting.

Parameter | Setting
K=9

Spatial correlation model [C@]M = pli=il Vi, j

Number of users

Correlation per subcarrier Cg) =GC;, VY
Number of antennas at the BS | Ny = 100
Number of RF chains at the BS | Ngp = 3
Number of antennas per user |V = 8
Number of taps (channel model) | Lp = 8
Channel paths (channel model) NPi,j =3,Vi,j
AoA’s and AoD’s (channel model) [ [0, 7]
Relative delay (channel model) (75 j,n) |7i,j,n € [0, (Lp — 1)T5]
Sampling frequency (channel model) | fs = 1760 MHz
Channel gain (channel model) | Bk m ~ Nc(0,1)
Carrier frequency (channel model) | fo = 28 GHz
Signal bandwidths | 800 MHz ~ 3200 MHz
Number of subcarriers (channel model) | L = 32
Channel realizations | N = 1000
Number of iterations (PG algorithms) | e = 1000

Without loss of generality, we assume O’I% =

therefore define the SNR per user as

1 and

SNR (dB);; = 10 log,(T},).
Vi=1,...,Giandj=1,...,8". (31

For simplicity, the same power constraint is considered for
all the users. Finally, the maximum number of iterations
€ is set to 1000 in Algorithm 1 as well as in the other
iterative algorithms considered in this section for compari-
son. The main parameters considered in the simulations are
summarized in Table 3.

Two experiments have been carried out to evaluate the
performance of the different proposed methods. First,
we evaluate the behavior of the GNU-SVD interference can-
cellation method in combination with the extended hybrid
PG algorithm and compare it with other possible system
implementations. In the second experiment, we evaluate the
performance of the proposed user allocation approaches.

Figure 3 shows the SDR (dB) versus SNR (dB) obtained for
K = 9 users, B = 3200 MHz, N{{F = 3, p = 0.85 and dif-
ferent strategies for the design of the user precoding and the
BS combiner. In particular, we consider the following alter-
natives: 1) the fully digital combining cancellation with MRT
precoders at the users (DCc-DMRT); 2) a digital precoding
cancellation with MRC (DMRC-DPc); 3) a hybrid version
of 1) by factorizing the combiner with the PG algorithm
in [17] labeled as HCc-PG-DMRT; 4) a hybrid version of 1)
by factorizing the combiner with the proposed Algorithm 1,
labeled as HCc(Alg. 1)-DMRT; 5) a hybrid version of 2) that
utilizes the proposed Algorithm 1 to factorize the combiner
and digital precoder cancellation (HMRC-DPc); and 6) the
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4= DCc-DMRT — DMRC-DPc |

-¢: GNU-SVD -A HCc-PG-DMRT [17]
12}.A. HMRC-DPc -A HCc(Alg. 1)-DMRT 1

SNR (dB)

FIGURE 3. SDR (dB) performance for K = 9 users, N&F =3, B = 3200 MHz
and correlation factor p = 0.85.

proposed GNU-SVD algorithm. Simulations have considered
¥p = 0 and y; = 0 to isolate the impact of the group allo-
cation. We have also chosen §, = 0.8 and §; = 0.2 because
those values are a suitable trade-off between the impact of the
channel similarity and the correlation for p = 0.85 [6].

As observed, Figure 3 shows a gap (around 2.8 dBs)
between the two fully digital implementation strategies
(DCc-DMRT and DMRC-DPc) which is related to the avail-
able degrees of freedom to implement the inter-group inter-
ference cancellation. Note that the DMRC-DPc approach
performs the cancellation at the user precoders (pge.) e CMx1
Y i,j,¢) with N = 16 antennas, whereas the DCc-DMRT
approach implements the cancellation at the common com-
biner W e CNxGs | v ¢ with N, = 100 antennas.

In order to compare the hybrid combiner implementations,
we need to take into account two issues: 1) the structure
of the common combiner to be factorized, and 2) how the
factorization problem is stated. By considering this last issue,
we can sense that the factorization algorithm proposed in
[17, Section 7]) provides the less appropriate strategy to
obtain the hybrid combiner since that algorithm completely
neglects the desired structures R® in (14), and therefore
it is reasonable that the HCc-PG-DMRT strategy exhibits
the worst performance, especially for high SNR values.
As observed, the implementation strategies HMRC-DPc and
HCc(Alg. 1)-DMRT provide a similar behaviour. Although
the digital precoding interference cancellation implemented
in the HMRC-DPc is performed with less degrees of freedom,
the hybrid factorization of the MRCs is more feasible for
wideband scenarios than the one performed over the digital
combiner implemented according to [6, Algorithm 3]. This is
because this latter approach destroys the relationship between
the column spaces at the different subcarriers [17]. Finally,
by implementing the user precoder cancellation in a second
refinement step, the proposed GNU-SVD approach provides
the best performance among all the hybrid implementations
and also offers a suitable hardware-complexity system
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=¢' Individual B = 3200 MHz
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SDR (dB)

SNR (dB)

FIGURE 4. SDR (dB) versus SNR (dB) for K = 9 users, Nlrtr =3,
B € {800 MHz, 3200 MHz)} and correlation factor p = 0.85.

performance trade-off. Note that in all these hybrid strategies
we are able to handle 9 user symbols per sub-band (L = 32)
with only two RF chains (N = 3).

Figure 4 shows the evaluation results for four different
user allocation algorithms that determine the user groups:
1) sequential allocation, 2) common allocation per subcar-
rier, 3) individual allocation per subcarrier neglecting the
beam squint effect, and 4) random allocation. We consider
K = 9 users, N{zF = 3, and p = 0.85. The proposed
GNU-SVD cancellation algorithm is employed to config-
ure the user precoders and the hybrid combiner. The com-
parison is performed for two different bandwidths, i.e., B €
{800 MHz, 3200 MHz}. The beam squint effect is more
apparent for B = 3200 MHz, where the subcarrier offsets
)y =((—-1)— LT_I)%, V ¢ are larger, while this effect
practically vanishes when considering B = 800 MHz [25].

As observed in Figure 4, the random allocation provides
the worst performance for both bandwidths since it neglects
the main factors (cross-correlation and channel similarity) to
define an appropriate allocation policy. Figure 4 also shows
that, when B = 800 MHz, the remaining allocation strate-
gies present a similar behaviour. In this case, the sequential
and the common allocation approximately offer the same
system performance as the individual allocation because
the inter-subcarrier channel similarity does not impact on
the allocation. However, the sequential allocation presents a
small gain w.r.t. the other strategies because the design of the
digital filters takes into account the channel similarity of both
the users and the subcarriers, and therefore reduces the losses
of working with a frequency-flat analog combiner.

A different behaviour is observed when B = 3200 MHz
due to the beam squint effect. Figure 4 shows that the sequen-
tial and common allocation strategies achieve a higher per-
formance than the individual one since they incorporate the
inter-subcarrier channel similarity. Moreover, the sequential
allocation strategy provides additional performance gains by
considering the limitations of working with a common RF
combiner at the BS.
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FIGURE 5. SDR (dB) performance for K = 9 users, Nlr!F =3,SNR=5dB
and correlation factor p = 0.85.

Figure 5 shows the SDR (dB) versus the signal band-
width (B) for the four considered user allocation strategies:
1) sequential allocation, 2) common allocation per subcar-
rier, 3) individual allocation per subcarrier, and 4) random
allocation. We consider K = 9 users, N{{F = 3 RF chains,
o = 0.85 and a particular SNR value, namely, SNR = 5 dB.
The proposed GNU-SVD cancellation algorithm is employed
to define the user precoders and the hybrid combiner.
The beam squint is practically negligible when considering
B = 800 MHz but its effect starts to be more apparent
while the bandwidth increases because the subcarrier offsets
c(@© = (-1 — 5152 v ¢ become larger.

As observed, Figure 5 clearly illustrates the behavior of
the different user allocation strategies under the beam squint
effect. Note how the random allocation strategy provides the
worst performance in the whole range of bandwidths because
it neglects the correlation and the channel similarity factor
to determine the allocation. The performance of random
allocation also worsens as the bandwidth increases because
the probability of clustering users with significantly different
channels is higher. Figure 5 also shows that the remain-
ing allocation policies (sequential, common, and individual)
present a similar behavior when B = 800 MHz since, under
a negligible beam squint effect, the inter-subcarrier channel
similarity—which is incorporated in the common and the
sequential allocation—does not impact on the user alloca-
tion. However, their behavior is different as the bandwidth
increases because the sequential and the common alloca-
tion, by considering the inter-subcarrier channel similarity,
offer superior performance than the individual allocation.
Although the performance of all allocation policies degrades
as the bandwidth increases, the individual allocation is the
most sensitive to the beam squint effect as it presents the
highest losses. On the other hand, the sequential alloca-
tion presents the lowest losses when the channel bandwidth
increases since it considers the inter-subcarrier channel sim-
ilarity as well as the limitations of working with a common
RF combiner at the BS.
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VII. CONCLUSION

This work focuses on the design of appropriate strategies for
wideband user grouping and hybrid combining in the uplink
of MU mmWave MIMO systems. A both-ends interference
cancellation procedure has been proposed to deal with the
hardware constraints of the system and serve the user groups
in a DQLC-based NOMA scheme. The proposed hybrid
design for the BS combiner leads to large gains over con-
ventional algorithms based on matrix factorization for wide-
band scenarios. A novel sequential allocation approach that
considers the effects derived from beam squint in wideband
mmWave systems has also been developed. The proposed
sequential scheduling procedure provides gains of about 25%
compared to the straightforward extension of the scheduling
strategy developed for narrowband scenarios and significant
gains over the random allocation policy. Finally, the obtained
results show the benefits of the user grouping strategies
for wideband scenarios, which allows serving a number of
streams per subcarrier larger than the number of available
RF chains.
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