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~ Abstract—We consider the beamforming design for the mil-  single-user transmission [9]-[11]. While the aforementioned
limeter wave (mmWave) broadcast channel using lens array \yorks can achieve the optimal multiplexing gain with limited

antenna based multiple-input-multiple-output (MIMO) commu- ; : ;
nication system (also referred to as “lens MIMO” in this work). number of RF chains, they still require large number of phase

Recently, lens MIMO based communication was proposed as a Shifters which incur huge power expenditure and hardware
promising scheme for the single-user mmWave network to greatly ~complexity [12].

reduce the computational and signal processing complexity of the In another line of work, electromagnetic (EM) lens antenna
system. In this paper, we propose a simple beamforming scheme grrays have been proposed for the mmWave networks which

for lens MIMO in broadcast channels which performs as good PR ; ; ;
as the recently proposed hybrid beamforming (HBF). but with significantly reduce the signal processing complexity (as they

much reduced hardware and power consumption cost, thanks to  d0 Not use active phase shifters), and yet perform close to

the energy focusing property of lens array. the digital beamforming in terms of the network sum-rate
Index Terms—Millimeter Wave communication, Lens MIMO, [13], [14]. A recent promising research towards beamforming
Hybrid beamforming. in mmWave network has been proposed in [15] which also
utilizes the lens antenna arrays but unlike [13], integrates

. INTRODUCTION the EM lens and the antenna array (referred to as “lens

Millimeter Wave (mmWave) communication has been pro-'\t/:”vltO ), res.ultlng_ll_rrl] alnew I\/TIInMCO zzrray rfequnsi functlci/r\} at
posed as one of the most important components of the ur&-e ransceivers. The lens eamiorming for mmvvave

coming 5G wireless communication technologies [1]-[6]. Thenetworks not only obviates the need of multiple phase shifters,

main advantage of the mmWave communication comes frontpereby_greatly redl_Jcing the power consumption and .Si.gf‘a'
the large bandwidth available at the high frequency millimetef' 0C€sSING complexity, but also leverages a new path division

waves which can enable high data rate communication [Z]ﬂljtlrt]'glﬁ):tr\;\?OSEDM) technique to achieve the optimal capacity

However, at such high frequencies, the wireless channel bé . . .

comes very different from the traditional propagation channels, In this paper, we propose a S|mp_le beamforming scheme for
Firstly, for the mmWave communication at 28 GHz and abovethe Ie_ns MIMO system [15] in multi-user broadcast channels.
the wireless channel becomes highly sparse due to limite peqflcglly, We assume that the_lens MIMO based begm-
scattering and diffraction, and thus, there are only few domi:0rMiNg 1S applied at the base station (BS), and phase shifter

nant paths from the transmitter to the receiver. Secondly, thijsed analog beamforming is used at the mobile stations

mmWave signals are very lossy, and therefore, have short tran Ss). We show that with limited number of RF chains at

mission range up to about 200 metres [2], [4], [7]. However, thet € _BS’ the proposed lens MIMO based beamforming scheme
tains almost the same sum-rate performance as the HBF

signal propagation loss can be compensated by beamformi . .
'gna; propagat P y ! [16]. However, unlike HBF, lens MIMO does not require

using large number of antennas at the transceivers which can be * i S
packed in a small form factor, thanks to the short wavelengtr"fmt've phase shifters and thus, significantly saves hardware and
of the millimeter waves ' power consumption cost. Furthermore, the lens MIMO shows

: significant sum-rate improvement as compared to analog-only

A major challenge in the mmWave communication is the eamforming. It is also observed that by increasing the number
beamforming design for the large antenna arrays when onl L
9 g g y f RF chains, the sum-rate of the lens MIMO can be further

limited number of radio frequency (RF) chains are available q
at the transceivers [8]. Since digital beamforming for IargeImprove '

antenna arrays require large number of RF chains, it can result Il. SYSTEM DESCRIPTION

in large power consumption and hardware complexity. To this  pefore we describe the system model for our broadcast
end, a hybrid combination of digital and analog beamforming-pannel, we firstly give a brief overview on the lens antenna ar-

designs, i.e., hybrid beamforming (HBF) has been proposehy architecture introduced in [15], as well as the conventional
in [8], where it is shown that even with limited number of | niform planar array (UPA) architecture.

RF chains, we can achieve sum-rate performances close to the

unconstrained digital beamforming, which is possible mainlyA- Lens Antenna Array

due to the mmWave channel sparsity. Other low complexity As shown in Fig. 1, a lens antenna array in general consists
hybrid beamforming algorithms followed, especially for the of a planar electromagnetic (EM) lens of sizg x D, on the
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elements is intended to transmit independent messagés to

A4 L_, MSs, each of which is equipped with the conventional UPA of
\ ' _(ﬂf ’ Nyrs elements [17]. For cost-effective implementation, the BS
2 1O is equipped withNzr RF chains, wheréX < Nzp < Nps.
i On the other hand, since the MSs need cheaper hardware, we
N z assume that each MS has only one RF chain, and hence it
¥ : can receive only one data stream usarplog beamforming
E £ An example of a lens MIMO-BC is shown in Fig. 2 in which
2 O antenam a lens MIMO BS transmits data streams to three UPA based
J\J\}‘ MSs with each MS receiving the signals along two paths.
_{

v o X

) : Lo . Scatterer
Fig. 1: A lens antenna array with an incident uniform plane watv&0oA ¢

y-z plane, and a matching antenna array with elements located
on the focal arc of the lens at a distaricdrom the lens center
(please refer to [15] for details). We assume that the MSs are
significantly far away from the BS and therefore, the mmWave
signals arrive at the lens array in the azimuth plane only. Let
M denote the number of antennas ahg € [-7, 5] denote

the angle of then!" antenna element relative to the x-axis. We
further assume that the antenna elements are critically spaced
on the focal arc, i.ef,, £ sin(6,,) are equally spaced in the Lens MIMO BS Scatterer
interval [—1,1] as

O ==, me M, (1) Ms3
D

Fig. 2: A lens MIMO broadcast channel with lens antenna array at the base station and
UPA at the MSs. Each MS receives its signals via two paths. The interfering paths are

shown in red.

whereD £ % is the lens’s y-dimension normalized by signal

wavelength\, and M 2 {0,%1,.., %=1} is the set of We consider a narrowband mmWave MIMO channel, where
antenna indices. It can be checked that— 1 -+ L21~7Ja with the channel from the lens array BS to thi¢ MS is given as

|| denoting the largest integer no greater than L
The array response of lens antenna array is given as [15] Hy = Zak,la(¢k,l)bH(9k,l)v (4)
~~ =1
am(0) = VAsindm — Do), m € M, )

where L, denotes the number of significant channel paths of
where A 2 Dif)z denotes the normalized lens apertuge2  the k™" MS, ay, denotes the complex-valued path gain of the
sin(¢) € [~1,1] denotes thespatial frequencyand¢ denotes (" path of thek' MS (described in detail in Section V),
the azimuth Angle-of-Arrival (AoA) of the signal. Essentially, ¢x.! @hddy; respectively denote the AoA and the AoD corre-
the array response function in (2) states that for a planar way@Ponding to thé'" path of the'" MS, anda € C"<*! and
incident on the lens antenna array with Aa# only those b € C"25* respectively denote the UPA receive response
antennas with indices nedpsin ¢ receive significant signal Vector (see (3)) and the lens array transmit response vector as
power, whereas all other antennas receive negligible power 43 (2).

justified by the “sinc” function in (2). Note that our system model has the flexibility to utilize
_ all the available RF chains at the BS to improve the network
B. Uniform Planar Arrays throughput. This is different from the model in [16] where only

We consider UPAs at the MSs in our model. Assuming’ RF chains are used for serving tie users. We assume
signal reception in the azimuth plane, the response vector féhat each MS can receive along multiple paths or AoAs (on an

the UPA is given as average, an MS can receive along three paths [7]) out of which
only one path is the desired signal path. For example, in Fig. 2,

a(p) = [1,e722(0) edAwus) (@NT (3) each MS is connected to the BS via two paths. Since the MS

Nas has only one RF chain, it receives its desired data along only

where A,,(¢) £ ZTW(m—l)d sin(¢) denotes the phase shift one path whereas the signals received from the qthgr-1)
of the m*" antenna with respect to the first antendas the  paths are treated as interfering signals.
antenna spacing, antldenotes the AoA in the azimuth plane. ~ Since each MS receives its desired data stream along a
_ single path, a transmit antenna corresponding to the AoD of
C. MmWave Multi-User Broadcast Channel that path is selected at the BS. Note that the AoD of the MS’s
We consider a lens MIMO broadcast channel (lens MIMO-desired path may or may not align with any of the BS antennas.

BC) where a BS equipped with a lens antenna arraVgf If the AoD aligns exactly with any BS antenna as shown in
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Fig. 2, that antenna is selected as the transmitting antemna fg|| the data streams, i.eE {XXH} — %IK. where P is the
the MS. In this case, due to the energy focusing capability ofverage total transmitted power.
the lens MIMO, most of the energy of the transmitted data The signaly;, € CVvs*! received by the:' MS is given

stream is focussed along that AoD. as

However, when the AoD of the desired path does not align K
with any of the BS antennas, the BS antennas closest to Vi = Zﬁkuzxz +ny, (9)
the desired propagation path are selected so that maximum =1

possible powers from the selected antennas are coupled withh

- . . . ~ 2 .
the path. One attractive feature of the lens MIMO system is thal. _erer 1S def'”eﬁ[ in (6), .andl’“ C/t\hf(o’ 7 IN“{S) s the
. . \Jagjse vector at thé'" MS. Finally, thek'" MS applies analog
the antenna selection can be made simply based on the receive

i i Nysx1 i
power of the antenna arrays [18], and we do not require explicikt)eamformlng filterw;, € C to obtain

AoD estimation [19] which is more difficult than the power R H o K "

measurement based antenna selection. Specifically, for a given Tk = Wi Yk = Wk ZHWW Wy, (10)
AoD 0y, corresponding to thelesired path(denoted byiy) =1

of the k' MS, a set of antennas denoted By, can be I1l. THE ZERO-FORCING BEAMFORMING

selected, whereéMy,, is given as [15] In this section, we propose to use a simple zero-forcing

a ~ beamforming scheme on the truncated channels possible due
My = {m € Mt |m — Drsin(, )| < A}v l=1..Lk, o the lens MIMO model. To this end, the" MS designs
(5)  an analog receive beamforming filter, which is, in fact, the

. . . A 2 receive array response of the MS along the desired AoA, i.e.,
andA >0 is Fieflned such thasind(m — Drsin(@, )" ~ 0 the direction along which the MS receives its desired signal,
for |m — Drsin(6y,)| > A.

. and is given as
As mentioned above, overaN = | JMy;,| BS antennas g
are selected for data transmission to all the users. Thus, an wi, = a(dri, ), (11)

N x K broadcast channel is obtained with each receive{‘lvherea(mlo) denotes the array response vector of i
having N,;s antennas. Denote the selected BS antennas Sgis along its desired AoA denoted ki
o

asN' £ {mi, ma,....,mn}, Wherem, € M (M is defined Note that if the effective channel information, i.e., in our
above (2)) der_lotes the index of the selected antenna. F%\se, only the AoAs of all the MSs and the selected antennas
example, consider a 3-user system where we assume thak, mation are known at the BS (using training and feedback
the antennas{—3, -2}, {-2,—1} and {5,6} are selected f,y the MSs to the BS prior to the data transmission), the
correspondmg to the desired paths of MSs 1, 2 and 3. We d%s can compute, — Wfﬁk which is the “effective channel”
note these five selected antennag@s , ms, ms, ma, ms} = 1oy vector from the BS to the!» MS after receive combining.

{=3,-2,-1,5,6}. ) N . The received signal at tHé” MS in (10) can then be re-written
Then, the channel matrix for theé”" receiver in (4) can be in terms of the effective channel as

written in a truncated form as

~ T = GrWpTk + Y GrWT + Wi 1y (12)

Hy = [hgm,, By o Brmy ], (6) %
wherehy,,,, € CNVvsx1 js the channel from the transmitter; Thus, after receive combining, the channel from the BS
(t € N) to the k" MS, and is defined as to each MS is simplified to a multiple-input-single-output

Lu (MISO) channel, and the overall network become& auser
him, = Z /Assindmy — Dpsin(éw))amalow), (7)  MISO brgadcast channel (MISO—BC). Once the !38 knows
=1 the effective channelg,Vk, it can apply a zero-forcing (ZF)

. beamforming or any other advanced precoding algorithm such
where+/ A, denotes the normalized lens aperture of the trans- 9 y P g a9

mitter. Note that singn; — f)Tsin(ml)) in (7) denotes the as wzlght(;ed-gum minimum r;:ean squireh erroL (WN:MShFT)
coupling coefficient of then,-th transmit antenna to thié" precoder design to |mprove.t e network throughput. n this
path of thek’" MS ¢ paper, we use ZF beamforming, and show that the ZF scheme

~ achieves almost the same sum-rate performance as the analog-
The above truncated chanridl, denotes the channel from P 9

the BS to thek!* MS, and is of dimensioiV;,¢ x N. Now, the digital hybrid beamforming in [16].

. . . Let the effective channel matrix of all the users be denoted
BS applies a baseband precoder matrix of dimengior K asG — (g7, gl 1T Then the BS constructs the matrix
on the data, i.eU = [u;,uy, ..., ux], so that the transmitted ~ 81,82, 8Kkl -

. o G as
signal is given as B
G =G (GcaeH) (13)

and the precoder for the*" user is then constructed as

% = Ux, (8)

wherex = [z1,29,...,2x]7 denotes the transmitted signal —
vector, andz;, denotes the data symbol for thé" MS. We ~ G(,k)

, . o u = ———. (14)
assume that the transmit power is equally distributed over |G(:, k)|
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IV. NUMERICAL RESULTS

6.5 T T T

UPA-MIMO-Hybrid beamforming|
Lens-MIMO beamforming

In this section, we show the sum-rate performance of th
proposed beamforming scheme for our network model an
compare the performance with the benchmark UPA-base
analog-digital hybrid precoding proposed for the broadcas
channel in [16]. We consider the example shown in Fig. 2
where the BS is a lens MIMO system for which the transmit
aperture Ar = 20 and Dr = 10. Note that Dy = 10
corresponds taVps = 21. Similar to [15], for fairness of
comparison, the UPA based BS is assumed to have the sar
aperture as the lens MIMO, and therefore, the number of B! 25
antennas in the UPA-based BS can be giveriVag ; = 80 )
[15]. The MSs are UPA based array antennas and the numb @/
of antennas at each MS, i.6V,5 = 16. Rx SNR per user (dB)

As shown in Fig' 2, we assume that each MS receives Sigmt:'ig. 3: A lens MIMO broadcast z:(hannel \E)vith lens MIMO at the BS amiform planar
from the BS along two paths, i.el,= 2 in (4). For example, arays (UPA) at the MSs. Here, the AoDs are exactly aligned with the antennas on the
the first MS receives its desired signal from its desired antenn&>
as well as an interfering signal from another BS antenna whic
in fact, intends to transmit data to the second MS.

We assume that the complex-valued channel gaips
are modeled asar; = Nus\/Brried™t, k €
K= {1, 2, ...,K}, le Ly = {1,2, ...,Lk} [7], where+/Nyss
accounts for the receiver array gaim, denotes the large-
scale attenuation including path-loss and shadowing facior,
denotes the power fractional ratio for tié path of thek”

)

55

Sum rate (bps/Hz)

I I I I I I I I I
-18 -16 -14 -12 -10 -8 -6 -4 -2 0

I'}he third users respectively, and are exactly aligned with the
corresponding AoDs. Similarly, the AoAs for the two paths of
the first MS are chosen as ; = —0.4363 and¢; » = 0.2793,
the AoAs for the two paths of the second user are chosen
as ¢3; — 0.6283 and ¢ 2 = 0.3840, and the AoAs for the
two paths of the third user are chosendas, = 0.1920 and
#3.2 = —0.7330, respectively.
A It is observed that even with only 21 BS antennas and
MS with ° xx; = 1, andng,; ~ UJ0, 27| denotes the phase no active phase shifters, the lens MIMO based system shows
. =1 . . almost the same sum-rate performance as the benchmark UPA-
shift of t_hel“_l path of thek'" MS. j is based on the generic MIMO based hybrid precoding approach [16]. Note that in the
model given in [7] as-fup = c1 +10calogyg(d) +¢, whereer oy v approach, since there are 80 BS antennas and 3
apd 2 de.note the model parametgznsls the communication RF chains, 240 phasé shifters are required in tataus, the
d|stanc§ in meters, argl~ CA/(0, %) denotes the lognormal lens MIMO based system significantly reduces the hardware
o e e o ey e ey ST processing compiesty as compared [ e UPA
from [7] as: ey — 72, ¢y — 2.92. ¢ — 8.7dB. We also IMO system without losing any performance

that all the MS distant f the BS wit Next, in Fig. 4, we plot the sum-rate performances of the
assume that afl the S are equidistant from the Wfens antenna array based broadcast channel model and the
d = 100m which ensures that the average receive SNR o

PA-MIMO based broadcast channel model in more realistic

each MS is the same. Thus, the difference n the ChanneE:'cenarios. Here, the AoDs of the signal paths of the users
of the users comes mainly from the shadowing and short;

term fading. The path-loss for each MS is thus, 130.4 OIBare chosen randomly, and hence may not be aligned with any

. of the BS antennas. Moreover, the AoDs corresponding to
or E{f} = —130.4dB. Furthermore, the multl-/path POWET the desired paths of the users are assumed to be sufficiently

distribution r,, can be modeled as;; = +—— with  separated, and six RF chains are used to serve the three users
; B! in the lens MIMO system. The sum-rates of the different
K, = U/7"1107%1% whereU; ~ U[0,1] andZ; ~ CN(0,¢(?)  algorithms are averaged over 10000 channel realizations. In
are random variables which account for the variations in delayhe lens MIMO broadcast channel, we have the flexibility to
and lognormal shadowing among different paths, respectivelyse all the available six RF chains and the performance is
[7]. For mmWave frequencies at 28 GHz, = 2.8 and( =4  very close to the UPA-MIMO based broadcast network when
[7]. We assume that the system bandwidtilis= 500 MHz, perfect CSI is used for the UPA-MIMO system. It is worth
and the noise power spectrum density\is = —174 dBm/Hz.  noting that the UPA-MIMO achieves slightly higher sum-rate
The average SNR at each MS is given®§ R £ %{f}. because of the continuous phase angle based beam steering
In Fig. 3, we take fixed AoDs and AoAs for the users. using 240 phase shifters.
Specifically, the AoDs (in radians) for the first, second and However, in realistic scenarios, the phase shifters of UPA-
the third users are chosen as = —0.4115, ¢ = —0.1002 MIMO do not assume continuous values and in our simu-
and ¢35 = 0.3047 respectively. Note that with the above lation, we assume that the phase angles of RF precoder in
chosen values, the BS antennas with indices -4, -1 and +3 at#PA-MIMO are quantized using six bits, i.e., as large as
selected as the transmitting antennas for the first, second a®d quantized directions are available for analog beamformer
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(3]

7 — =S~ UPA-MIMO (continuous phase angles/perfect CSI feedback)
—>-Lens MIMO

—B-UPA-MIMO (quantized phase angles-6 bits)

-Q—Analog beamforming (continuous phase angles/perfect CSI feedback)
-1~ Analog beamforming (quantized phase angles-6 bits)

(4]

(5]

L
T

N
T

(6]

Sum rate (bps/Hz)

1 (7]

(8]

20 -18 -16 14 12 -10 8 -6 -4 2 0
Rx SNR per user (dB)

Fig. 4: A lens MIMO broadcast channel with lens MIMO at the BS amiform planar
arrays (UPA) at the MSs. The AoDs are not aligned with the BS antennas.

El

design in UPA-MIMO. We observe that using quantized phase1o]
shifting, the UPA-MIMO performance degrades significantly.
On the other hand, in lens MIMO system, AoD estimation is
not necessary and energy-based antenna selection suffices [18]
Thus, under practical assumptions, lens MIMO indeed shows
the best sum-rate performance with lesser channel estimaticr{b]
overhead, and saves significant hardware and signal processing

complexity as compared to the UPA-MIMO based system.
[13]

V. CONCLUSION

In this paper, we studied a lens MIMO based broad-
cast channel and compared its performance with a standakf!
phase-shifter based analog-digital hybrid beamforming (HBF)
scheme for the broadcast channel. We showed that in general
the lens MIMO system shows almost the same sum-rate perfopi
mance as the UPA-MIMO based HBF but it saves significantly
large amount of power and signal processing complexity. Thug16]
the lens MIMO based broadcast channel is much more energy-
efficient. We also considered a more realistic situation whergi7)
gquantized phase angles are used for beam steering in the UPA-
MIMO based HBF. In this case, the lens MIMO system, Which[18
does not require any beam steering, shows much better sum-

rate performance as compared to the UPA-MIMO system. 116]
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