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Abstract. Massive multiple-input multiple-output (MIMO) and millimeter-wave
(mmWave) technologies have emerged as a promising solution to enhance the backhaul
wireless link in 5G Heterogeneous networks (HetNets). These mmWave backhaul links,
however, are very susceptible to a significant path loss due to the blockage of the line-of-
sight and massive antenna arrays may not be sufficient to alleviate such losses. To this end,
relays are usually deployed to provide alternative routes that help boost links with high
path loss. In this paper, therefore, we consider using relay base stations (RBS) in mmWave
backhaul links between small cell base stations (SBS) and a macro-cell base station (MBS).
It is assumed that the SBSs, the RBSs, and the MBS are all equipped with massive antenna
arrays employing hybrid analog and digital beamforming. The analog beamformers are
based on the selection of fixed multi-beams using a constrained eigenbeamforming scheme
while the digital beamformers are based on the maximum ratio transmission and maximum
ratio combining (MRT/MRC) schemes that maximize the transmit and receive SINRs of
the effective channels created by the actual channel and the analog beamformer. The
performance evaluation in terms of the beampatterns and the ergodic channel capacity
shows that the proposed HBF scheme achieves near-optimal performance with only 4 RF
chains and requires considerably less computational complexity.
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1 Introduction

Recently, millimeter-wave (mmWave) massive multiple-input multiple-output (MIMO)
technologies [1],[2],[3].[4].[5][6] have emerged as a promising solution to enhance the backhaul
wireless link in 5G Heterogeneous networks (HetNets) [5],[61,[71,[8].[9].[10],[11]. On the one
hand, the mmWave backhaul links can provide the Gigahertz bandwidth that can be achieved
by conventional optical fiber link without the restriction of deployment and installation of small
cells. On the other hand, because of the small wavelength of mm-waves, a large number of
antennas can be deployed and can provide a high gain to compensate for the pathloss of the
mmWaves. However, mmWave massive antenna arrays work better in the presence of line-of-
sight (LoS) and may not be sufficient to alleviate the severe losses due to the blockage of these
LoSs. To overcome this problem, relay assisted backhaul link can be incorporated to efficiently
transmit the signals between the small cell base stations (SBS) and the macro-cell base station
(MBS). In this paper, therefore, we consider using relay base stations (RBS) in mmWave
backhaul links between the SBSs and the MBS, where the SBSs, the RBSs, and the MBS are all
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equipped with massive antenna arrays. Moreover, in order to reduce the number of RF chains
required by fully-digital beamforming massive arrays, we employ a combination of RF analog
beamformers and baseband digital beamformers, known as hybrid beamforming (HBF)
[12],[13],[14],[15],[16],[17],[28]. In such a hybrid configuration, the analog RF beamforming
matrix, built from analog hardware like phase-shifters, is used to connect M, antenna elements
to Ngr RF chains, where Npr < M,. Previous studies on hybrid massive MIMO mainly focused
on single-user systems and exploited the sparse nature of the mmWave to develop low-
complexity hybrid precoding algorithms [12],[13],[14]. MU-MIMO cases were studied in
[15],[16],[17]. In [15] a scheme called “Joint Spatial Division Multiplexing” (JSDM) was
proposed to create multiple “virtual sectors” which reduces signaling overhead and
computational complexity of downlink training and uplink feedback. In [16],[17] it was shown
that the required number of RF chains only needs to be twice the number of data streams in
order to achieve the same performance of any fully-digital beamforming scheme. These studies,
however, did not consider HBF in the context of HetNets and focused primarily on macro-
cellular systems. In this paper, we propose to extend HBF to relay-assisted backhaul links where
the SBSs, the RBSs, and the MBS are all equipped with massive hybrid antenna arrays. On the
one hand, the analog beamformers are based on the creation of the best fixed multi-beams by
eigendecomposition of the backhaul channels. On the other hand, the digital beamformers are
based on the maximum ratio transmission and maximum ratio combining (MRT/MRC)
schemes [19] that maximizes the transmit and receive SINRs of the effective channels created
by the cascade of the analog beamforming weights and the actual channel.

2 System Model

We consider the backhaul uplink in the HetNet of Figure 1, where K SBSs are connected
to the MBS through an RBS using a two-hop relaying path. It is assumed that the RBS, the
SBSs, and the MBS are equipped with M, — element transmitting/receiving massive hybrid
antenna arrays. For the SBSs-to-relay link, it is assumed that the number of transmit/receive RF
chains is identical and is equal to the number of data streams Ng;. On the other hand, it assumed
that for the relay-to-MBS link, the number of transmit/receive RF chains is identical and is equal
to the number of SBSs K.
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Fig. 1. System model: K SBSs connected to an MBS through two-hop relaying links.



2.1 SBSs-to-Relay Link

The k™ SBS applies its signal s;25 of Ngr data streams to an Ny X Ngr diagonal

transmit digital beamforming weight matrix DSBS followed by an M, X Ngz transmit analog
beamforming matrix A35 . If we denote the comblned digital-analog transmit beamformer for
the k'™ SBS as w75° = A5 D35S | then the M, x 1 transmitted signal x5 at the output of
the antenna array of the k™ SBS can expressed as

SBS SBS .SBS
Xtk = Wrk Sk 1)

and the array output of the RBS can be written as

_ VK SBS  SBS
Yres = Xik=1 HxresWr i Sk~ + Dggs, )

where yggs is the M, X 1 vector containing the outputs of the M, — element antenna array
at the RBS, Hy s Is the M, x M, channel matrix representing the transfer functions from the
M, —element antenna array of the k™ SBS to the M, —element antenna array of the RBS, and
ngps IS the received M, x 1 complex additive white Gaussian noise vector at the RBS.

The RBS detects the k™ SBS signal by applying the output of the array yggs to the
Ngr X M, receiving analog weight matrix, AR5, followed by a diagonal Ngp X N receive
digital beamforming weight matrix DE55. If we denote the combined digital-analog receive
beamformer for the k™™ SBS as wis® = ARBS DRES | then the detection of the the k™ SBS signal
by the RBS can be expressed as

Xy rps = (ka ) Yres = Sk + i, FBS + Ngps , ©)]

where SFES = (w, RBS) Hy ppswin' si>® is the k™ SBS received signal, SFPS =
(w RBS) T ek Higps WiBSs fBS is the multiple-access interference (MAI) from the K — 1

other SBSs, and Nggs = (wR‘k ) ngps IS the noise signal at the array output of the RBS.
Assuming that s35° are complex-valued random variables with normalized unit power, i.e.,
E[sy si] = Iy, we can express the SINR at the RBS for the k™ SBS as

(03 (AR s 8535 (D) (A55) W A D
(WE2S) " Brgs (WEES)

_ |08 9cnnsDR2 I’

(WEES)" By as (WEES)

where }(kRBS_(ARBS) HkRBS(AT 75 ) represents the effective channel and By zzs =

RBS _
Y

(4)

YK ek Higpswio® (wil ) HY 55 + 021y, is the covariance matrix of the interference-plus-
noise at the RBS.

2.2 Relay-to-MBS Link

The RBS applies the received k™ SBS signal, Xy rps » tothe k™ selected beam port of the
transmit hybrid beamformer. For simplicity, we will assume that each SBS signal is forwarded
to the MBS using a separate beam (i.e., a separate RF chain). Thus, if we reorganize the K SBSs’



signals into a vector as Xgpps = [X1 rps, X2rps, ***» Xk rps] and we denote the RBS transmit
analog beamformer as A%?S = [af5S, ak5s, - a’%f}}s] and the digital beamformer as D®8S =
diag|[dXEs, dMES ... dMES], then the M, x K transmitted signal, sf25 | at the output of the RBS

antenna array can be expressed as
RB. RBS nRBS%:
v = A Dr7 Xgps, (5)

and the received signal at the array output of the MBS can be written as

RBS &
YuBs = HMBSARBSD Xpps T Myps, (6)

where yy5s is the M, X 1 vector containing the outputs of the M, — element antenna array
at the MBS, Hy,gs isthe M, X M, channel matrix between the RBS and the MBS, ny,s is the
received M, X 1 complex additive white Gaussian noise vector at the MBS.

The output of the array y,gs is applied to the M, X K receiving analog weight matrix of
the MBS, (A¥B5)H, followed by the K x K receive digital beamforming weight
matrix (D¥ES)H  then the detection of the K SBSs’ signals by the MBS can be expressed as
Xups = (D%BS)H(AAR/IBS)H}’MBS )

= (DRP)" (AFP*) " Hyps (AFP) (DFPS) T Rpps + (D) (AR PS) s
which results in the detection of the k" SBS signal being expressed as
Qk,MBS — (d BS) (aMBS) HMBSaRBS (dRBS)xk RBS + (dMBS) (aMBS) nMBS , (8)

Using (3), and denoting 3£y yps = (a%ﬁs) Hypsaf5® as the effective channel, X yps
and the SINR of the k™ SBS at the MBS can be expressed, respectively, as
Remps = (dri®) (%) Himps (SE™* + SIS + Niss) ©)
* H
+ (dRM.ES) (a%gs) Nyps,
MBS |(d§/1€5) (dRBS)g{k MBSSk |
(dfe/lf ) Bk,MBSdR,k
where By, yps IS the covariance matrix of the interference-plus-noise at the MBS and is given
by By mps = By, + By, with By = | (dMBS)| H i mpsNrpsNipsHE MBS"'UnMBs(aMBS) aMBS

and Blk _ | (dMBS)| g{k MBSsRBS(sRBS) ﬂk,MBS-
Assuming that the transmit and receive digital beamformer are identical, (10) can be
simplified as

(10)

_ H 2
YkMBS = Bk,Ill/IBS |}[k,MBS(D§§cS) }tk,RBSDg'?kS , (11)

2.3 Channel Model

For the two-hop relaying links, we consider mmWave propagation channels with limited
scattering, which can be modelled by the narrowband clustered channel representation, based



on the extended Saleh-Valenzuela model [13]. We assume a scattering environment with
N, scattering clusters randomly distributed in space and within each cluster, there are N,
closely located scatterers.

The channel matrix between the k™ SBS and the RBS and between the RBS and the MBS
can be expressed, respectively, as

N¢i Nray
Hy rps = Z Z a;j aRBs((DU:Bir,j)ai,sss((bf,j' git,j)' (12)
clNray
N¢g Nray
Hyps = z Z a;j aMBS(Q)ljv )aRBS(Q)z]' t]) ’ (13)
NclNray

where q;; are the complex gains of the jt" ray in the i*" scattering cluster and are assumed i.i.d
eN(0,02;) with oZ; representing the average power of the " cluster, 9 ; and (Z)f are the
azimuth angles of arrival and departure respectively, 6;; and Gt are the elevation angles of
arrival  and  departure  respectively, aRBS((DU, 91,,), ayss(97;,67;), and
a, s5s(9} ;, 6 ;) represent the normalized array response vectors of the RBS, MBS, and the k"
SBS respectively.

It is assumed that the N,o, azimuth and elevation angles, Q)” and 9” are randomly

distributed with a uniformly-random mean cluster angle of (Dl”and el” respectively, and a
constant angular spread of o,rr and oyt respectively.

3 Proposed Hybrid Beamforming

The proposed hybrid beamforming is performed in two stages. First, the analog
beamformers at the SBSs-to-RBS and RBS-to-MBS links select a set of beams using
eigenbeamforming and imposing the phase-only constraint on each selected eigenvector. Beam
selection can be realized by a network of RF switches that feed the data streams to the best ports
(selected eigenvectors) of a Butler matrix. Once the analog beamformer is known, the transmit
and receive digital weight vectors are obtained using the SINR-based MRT/MRC schemes.

3.1 SBSs-t0-RBS

The transmit analog weight vectors of the k™" SBS are based on eigen-beamforming scheme
and are given by

SBS _ [, SBS . SBS SBS
A7y = |ark, Ao aTde] (14)
subject to |A55 (i, ])| =1

where a355; denote the M selected Ng x 1 eigenvector corresponding to the i maximum

eigenvalue of H' ppsHj ras-
Assuming channel reciprocity, the receive analog weight vectors of the MBS could be
chosen as AR3° = A3 .



For fixed analog beamforming weights, AS and AMBS the transmit optimal digital
weight vector of the k" SBS, D?’jf , and the receive optimal dlgltal weight vector of the MBS,
DY%* , are obtained by the MRT/MRC scheme that maximizes (4) and are given by

Dg"gcs - DMBS B kRBSg{k RBSVBL ’ (15)

where Vy, is the eigenvector corresponding to the maximum eigenvalue of (}[k‘RBS)H}[k_RBS
3.2 RBS-to-MBS

For the RBS-to-MBS link, the transmit analog weights of the RBS and the receive analog
weight vectors of the MBS are based on the singular value decomposition (SVD) of the channel
matrixX, Hyps:

Hyps = Uyps T U I}iIBs (16)

where Uys € CMa*X  and Ugpg € CMeX are semi-unitary matrices and X isan K X K
diagonal matrix with the largest K singular values oy, -+, ok on its diagonal.

The transmit and receive analog weight matrices of the RBS, and the MBS can then be
expressed, respectively, as

RBS _ [,RBS , RBS BS] _
A [aTllaTZ y, ATk _URBS ’
MBS _ [,MBS MBS
Ag [aRl y AR aRK = Upyss , (17)

subject to |ARBS (i, ])I2 |[AMBS (i, )2 =1.
Using (7) and (8), X ;s and Xy 55 Can be expressed as

Xups = (DR E DiP Rpps + (D) (AF ) myps , (18)

Ry mps = Uk(dgws) (dRBS)xk RBS T (dRMES) (aAngs) Ny ps

, (19)
_ O-k(dRMES) (diis)(SRBs + SRBS + NRBS) + (dgtgs*) ( MBS) Ny s
The SINR of the k™ SBS at the MBS, given in (11), can then be simplified as
_ H 2
Vi oS = Bk,zlwss |O-k(D§§cS) H k,RBSDg‘I,?;cS| ’ (20)

where B = oF|(@S)[ (SEP5(SE)" + Naos i) + sl (€45) [ (al2") el

Note that the SINR, y¥55, given in (20) is independent of the digital beamformers, D&5S
and (DX¥B5)H, of the RBS-to-MBS link. This property enables us to choose the optimal digital
beamformers that satisfy DE5S(D¥BS)H « 1, or simply choose DEBS « 1 and D¥5S o 1.

The ergodic channel capacity for each user I is given by [20],
C = Ellog, {1 +vi**}], (21)

where E [.] denotes the expectation operator.



4 Simulation Results

In our simulation setups, we consider six SBSs (K=6) connected to one macro-cell through
one relay station. The SBSs, the RBS, and the MBS use the same number of antennas, M, =
64. The number of RF chains for SBSs-t0-RBS links is Ngr = 2 or 4. We assume QPSK
modulation.

Figure 2 shows the beampattern of the proposed HBF with four RF chains and the optimal
fully-digital one for the SBSs-to-RBS links. The optimal beamformer has about four dominant
beams that are similar to the selected beams of the proposed HBF, which means that near-
optimal performance could be achieved by transmitting data streams through those four beams.
Figure 3, on the other hand, compares the ergodic channel capacity of the proposed HBF and
the optimal fully-digital one. It is observed that as we increase the number of RF chains, the
performance gap between the two schemes is reduced, and the near-optimal solution was
achieved by the proposed HBF using four RF chains. Compared to the single cell MU-MIMO
case presented in [12],[13],[14], near-optimal performance was obtained with only five RF and
for the MU-MIMO case in [16],[17] it was shown that the required number of RF chains could
be reduced to two to achieve the fully-digital beamforming performance. However, unlike our
case, where we have focused on the backhaul link and assumed a two-hop relay link that
connects multiple small cells to a macro cell, these studies focused primarily on macro-cellular
systems.
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5 Conclusion

In this paper, we extended hybrid beamforming to relay-aided mmWave backhaul links where
multiple small cell base stations (SBS) are connected to a macro-cell base station (MBS) through
atwo-hop backhaul with manageable interference between the SBSs. The performance
evaluation in terms of the beampatterns and the ergodic channel capacity shows that the
proposed HBF scheme achieves near-optimal performance with only four RF chains and
requires considerably less computational complexity.

Acknowledgments. The author would like to thank the Canadian Microelectronics Corporation
(CMC) for providing the Heterogeneous Parallel Platform to run the computationally-intensive
Monte-Carlo Simulations.

References

[1] Marzetta T. L. Noncooperative cellular wireless with unlimited numbers of base station
antennas. IEEE Tran. Wirel. Comm. 2010, 9(11), 3590 — 3600.

[2] Rusek F., Persson D., Lau B., Larsson E., Marzetta T. L., Edfors O., Tufvesson F. Scaling up
MIMO: Opportunities and challenges with very large arrays. IEEE Signal Process. Mag.
2013,30,1,40-60.

[3] Ngo H. Q., Larsson E. G., and Marzetta T. L. Energy and spectral efficiency of very large
multiuser MIMO systems. IEEE Trans. Commun. 2013, 61(4),1436-14409.

[4] Hoydis J., ten Brink S., Debbah M. Massive MIMO in the UL/DL of cellular networks: How
many antennas do we need?. IEEE J. Sel. Areas Commun. 2013, 31(2), 160-171.

[5] Siddique, U.; Tabassum, H.; Hossain, E.; Kim D. I. Wireless backhauling of 5G small cells:
Challenges and solution approaches. IEEE Wireless Communications, Special Issue on
"Smart Backhauling and Fronthauling for 5G Networks. 2015, 22, 22-31.

[6] Gao, Z; Dai, L.; Mi, D.; Wang, Z.; Imran, M. A,; Shakir, M. Z. MmWave Massive MIMO
Based Wireless Backhaul for 5G Ultra-Dense Network. IEEE Wireless Communications.
2015, 22, 13-21.

[7] Tabassum H., Hamdi S. A., and Hossai E. Analysis of massive MIMO-enabled downlink
wireless backhauling for full-duplex small cells. IEEE Transactions on Communications.
2016, 64(6), 2354-2369.

[8] Shariat M., Pateromichelakis E., Quddus A., Tafazolli R. Joint TDD Backhaul and Access
Optimization in Dense Small-Cell Networks. IEEE Transactions on Vehicular Technology.
2015, 64(11), 5288-5299.

[9] ElSawy H., Hossain E., Kim D. I. HetNets with cognitive small cells: User offloading and
Distributed channel allocation techniques. IEEE Communications Magazine, Special Issue
on "Heterogeneous and Small Cell Networks (HetSNets). 2013, 51(6), 28-36.

[10] Yan Z., Zhou W., Chen S., Liu H. Modeling and Analysis of Two-Tier HetNets with
Cognitive Small Cells. IEEE Access. 2016, 5, 2904-2912.



[11] Hefnawi M. Capacity-Aware Multi-User Massive MIMO for Heterogeneous Cellular
Network. In Proceedings of the IEEE International Conference on Selected Topics in Mobile
and Wireless Networking, Tangier, Morocco, 20-22 June 2018.

[12] Sohrabi F., Yu W. Hybrid beamforming with finite-resolution phase shifters for large-scale
MIMO systems. In Proceedings of the IEEE Workshop Signal Process. Adv. Wireless
Commun., Stockholm, Sweden, 28 June-1 July 2015.

[13] El Ayach O., Rajagopal S., Abu-Surra S., Pi Z., and Heath R. Spatially sparse precoding in
millimeter wave MIMO systems. IEEE Trans. Wireless Commun. 2014, 13(3), 1499-1513.

[14] Alkhateeb A., El Ayach O., Leus G., Heath R. Channel estimation and hybrid precoding for
millimeter wave cellular systems. IEEE ]J. Sel. Topics Signal Process. 2014, 8(5), 831-846 .

[15] Sohrabi F. , Yu W. Hybrid digital and analog beamforming design for large-scale MIMO
systems. In Proc. IEEE Int. Conf. Acoust., Speech, Signal Process. (ICASSP), Brisbane,
Australia, Apr. 2015.

[16] Liang L., Dai Y., Xu W., Dong X. How to approach zero-forcing under RF chain limitations
in large mmwave multiuser systems?. In Proc. IEEE/CIC Int. Conf. Commun. , Shanghai,
China, 2014.

[17] Liang L., Xu W., Dong X. Low-complexity hybrid precoding in massive multiuser MIMO
systems. IEEE Wireless Commun. 2014.

[18] S. Han, I C.-L., Xu Z., and Rowell C.. Large-scale antenna systems with hybrid precoding
analog and digital beamforming for millimeter wave 5G. IEEE Commun. Mag. 2015, 53(1),
186 -194.

[19] Kang M. A comparative study on the performance of MIMO MRC systems with and without
cochannel interference. IEEE Transactions on Communications. 2004, 52(8), 1417 — 1425.

[20] Sulyman A. L., Hefnawi M. Adaptive MIMO Beamforming Algorithm Based on Gradient
Search of the Channel Capacity in OFDMSDMA System. IEEE Commun. Letters. 2008, 12(9),
pp. 642-644.



