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Abstract—Driven by the demand for supporting the rapidly possesses several strengths, such as supporting a large number
increasing wireless traffic, the next generation communication. of low-cost terminal devices, versatility and heterogeneity in
system, i.e. the 5G system, needs to accommodate a massivganqgwidth use, and easy scalability in network densification.
number of users and judiciously manage the interference. One . .
promising candidate, the time reversal (TR) system, uses aThe TR system utilizes a large bandwidth and observes a
large bandwidth and designs transmitting waveforms such that 10t of channel impulse response (CIR) taps compared to the
the environment acts as a matched filter and the transmitted narrowband communication system in which only two to three
signal adds up coherently at the intended users. Therefore channel taps can be observed. The CIR is composed of the su-
the energy is focused only at the intended users with reduced o hnsition of the randomly reflected transmitted signals from
interference to others. The other candidate, massive MIMO . . . . . .
system utilize a large number of antennas to focus the energy m_ult|path-r|ch enwronments such as in the indoor environment
to the users and reduce the mutual interference. However, the With structures and objects. Because the CIRs naturally embed
massive number of users poses a limit on system performancethe information about the environment, experiments show that
due to increasing interuser interference (IUl) and the system the CIRs are location-specific and the CIRs can be used for
has to make a judicial selection of transmitting users. In this precise indoor localizatiori [3].

work, we propose a scheduler that maximizes the system weighted - . . .
sum rate while satisfying the minimum rate requirements of the The location-specific CIR benefits the TR system with the

transmitting users. The optimization problem is transformed into ~ Spatial focusing effect [3] that focuses the transmitted energy
a mixed integer quadratically constrained quadratic program-  to the intended user. By selecting the waveform signature
ming (MIQCQP) with linear time complexity. We also investigate as the time-reversed and conjugated version of the intended

the impact of imperfect channel information on the proposed (gcajvers CIR, the transmitted waveform adds up construc-
scheduler algorithm and reveal similar channel estimation error

distribution between the TR and massive MIMO system. We tively at the exact location of the intended receiv_er, while
evaluate the performance of the proposed scheduler in different the waveform adds up randomly at all other locations. The
scenarios and the results show that the proposed scheduler hasreceiver receives maximum signal energy with small energy
seyeral desirable qharacteristics, including low time complexilty, leakage to surrounding users. The energy focusing due to
fm“'tzlr’f'sctoghz‘i’ﬁLse"’l‘t'iffof%s;ﬁgnn structure, and robustness against |cation-specific CIR information separates TR users operating
P ' on the same frequency band and allows simultaneous access,
Index Terms—Time reversal, spatial focusing, massive MIMOJeading to the design of time reversal division multiple access
scheduler. (TRDMA) system that provides service to a large amount of
users [4].
|. INTRODUCTION The other 5G candidate, the massive MIMO system,
R ECENT achievements of manufacturing technology angthieves the energy focusing by using a large number of
the reduced cost of wireless communication devices haygtennas [5]. The massive MIMO system concentrates the
led to a revolutionary concept of Internet of Things (loT). Thgansmitted energy at the intended user by adjusting the weight
interconnected everyday appliances monitor useful informgector of the antennas, which is known as beamforming. With
tion that facilitates everyday chores, responds to environmehé increase of the number of antennas, the massive MIMO
changes in time, and discovers activity patterns from the magstem directs the energy to more intended users with small
sive collected data. The loT vision relies heaV”y on the abilitynergy |eakage to the unintended users, and therefore the
that the communication system accommodates and coordinwem is able to support lots of users.
the massive number of users in the system simultaneousliwyith the ever-increasing number of users in the foreseeable
Therefore, the ability of the next generation communicatiogT future, the 5G systems cannot indefinitely support all
system, i.e. the 5G system, to support a massive numberygkrs simultaneously due to the fixed usable bandwidth and/or
users while maintaining service quality is high desirable. the fixed number of antennas. Interference among the users
The time reversal (TR) system is proposed as a candid@jfi increase and the energy focusing effect can no longer
system for loT [1] as well as for 5G communication [2] thagypport the massive users with a satisfactory quality of service
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Many existing systems already have schedulers deploy: e w v | (o oo
however, none can be implemented directly on the TR a : N RO
the massive MIMO system. There are two main reasons. T = =
first is the fundamental differences in the physical layer desic Haz | Y X,
In existing and widely deployed OFDMA systems, such as tt .
LTE system, the scheduler allocates the resource blocks (RI
that are mutually orthogonal in time and frequency to usel

Hax {1 DY e

The RBs are allocated based on system requirements s hocsss ot WSS T LT Rl Doviss )
as the QoS awareness of the uséls [6]-[8] or the weight Channets
sum rate of the overall system|[9]. However, in the case Fig. 1: System diagram of a TRDMA system.

of TR system, the transmission resource is not mutually

orthogonal and all the users are using the same transmission

band. Therefore a new scheduler design is needed to select fhe main contribution of this paper can be summarized as
subset of users for transmission while managing the in-bagfliows:

interference. On the other hand, although OFDMA can be anl)
element for massive MIMO system, the interference between
users still exists for the users on the same frequency band and
interference management is still desirable.

The second reason is that with the massive number of
users in the system, it is possible that the system cannot,
accommodate the users simultaneously via power control. In a
typical power control scheme, the system adjusts the transmit
power to different users in order to control the interference
introduced to unintended usels [10]-[12]. However, when a
massive number of users are present in the system, all th%)
proposed power allocation based algorithm might not be fea-
sible due to minimum transmitted power requirements of the
users. The system therefore needs to efficiently select a subset
of users for transmission that not only maximizes the system . . .
objective but also meets the individual QoS requirements. The paper is organized as follows. System_ de;cnpt!on

In a scheduler design, it is usually assumed perfect chanﬁgl both the TR and massive MIMO system is given n
information, whereas the channel information is imperfect i edll. The energy focusing effect_ of bo_th TR and massive
reality. Several factors contribute to the imperfect channM”vIO SVStG”.‘S IS llustrated via S'r."“'a“"” in Sed.IIl. .The .
information including the aging of the channel, the receive heduler objective and user requwgments are described in
noise during channel estimation, the pilot contamination b ed.IV and the MIQCQP formulation is developed. In Séc.V,

tween users, and so on. The imperfect channel information 5t investigate the impact of the imperfect channel information
only degrades the performance of the physical layer but aRp the performance of the scheduler. Simulation results are
deteriorates the scheduler performance. Robustness agdifegented in Sdc.VI where the performance of the scheduler
imperfect channel information in scheduler design is therefdfe €valuated under various settings. Finally, a conclusion is
highly desirable to sustain the system performance when #yenin Se¢.Vil.
channel information is inaccurate.

In order to address the above issues, we propose a novel Il. SYSTEM OVERVIEW

medium access control (MAC) layer scheduler design by\we give brief overviews of the TRDMA downlink system

taking into consideration of the unique focusing effect fogng the massive MIMO downlink system and introduce the
both the TR and massive MIMO system. In the first part afpatial focusing effect of both systems.

the paper, we focus on the scheduler algorithm that selects

a subset of users and maximizes the system weighted sum__ o )

rate. The optimization problem is transformed and formdd- Time Reversal Division Multiple Access System

lated as a mixed integer quadratically constrained quadraticA schematic view of a TRDMA downlink system is depicted
program (MIQCQP)[[13] where the optimization problem isn Fig[d, whereN users/terminal devices (TD) are served. The
solved using an optimization solver. In the second part, veecess point (AP) first upsamples the symbol stream foriuser
focus on the impact of imperfect channel information ohy the backoff factoD;. The upsampled symbols are encoded
the scheduler performance. We analyze a channel estimatiming the corresponding waveforrgs which are assigned to
scheme for TR system proposed inl[14] and identify simildhe users. The AP transmits the summed signal with a single
channel estimation error distribution as in the massive MIM@ntenna and the transmitted signal passes through individual
case. We evaluate the robustness of the proposed schedusers’ channelsd;. The users adjust the power using one
against imperfect channel information provided by the chanrtab gain, downsample the received signal and then perform
estimation scheme. detection to estimate and recover the transmitted symbols.

We propose an efficient scheduler algorithm for the
5G system that maximizes the weighted sum rate by
selecting a subset of users for transmission. The system
objective and QoS constraints are transformed into an
MIQCQP with empirical linear time complexity.

We analyze the channel estimation error distribution of
the TR system. The analysis shows that the TR channel
estimation scheme reduces the channel estimation error
power and reveals a similar estimation error distribution
as in the massive MIMO case.

We evaluate the proposed scheduler under imperfect
channel information. Experiment results show that the
proposed scheduler is robust against imperfect channel
information with small performance degradation.
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(a) Normalized field strength in 81 x 51 area centered around the receiver of a massive MIMO system.
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(b) Normalized field strength in 81 x 51 area centered around the receiver of a TR system.

Fig. 2: Demonstration of the spatial focusing effect for both TR and massive MIMO systems with different DoF.

Using the time reversed and conjugated @GlFbetween the either larger bandwidth or more antennas enables the 5G
AP and user as the waveforng;, useri obtains the maximum system to pinpoint the energy to the exact users, to reduce the
signal power. However, the interuser interference (IUl) andterference leakage, and therefore to accommodate more users
intersymbol interference (ISI) reduce the SINR of users atklan that in existing systems. In order to illustrate the spatial
therefore the TR waveforrg; can be specifically and jointly focusing phenomenon, we conduct a simulation in both TR
designed for the system to meet system requirements. Sevaral massive MIMO systems to reveal how the focusing effect
waveform design algorithms have been proposed_ in [15] abdcomes prominent with the increase in either bandwidth or
[16] to alleviate 1UI and ISI and to increase the SINR. the number of antennas.

IIl. SPATIAL FOCUSING EFFECT

With proper waveform desigrg; and beamform weight

Suppose that there arbl antennas in the base statiordesigng, both the systems focus energy only at the intended
servingK one-antenna terminal devices. The chamrfélfrom users. The ability of the energy transmission targeting at
the base station to the uses anM by 1 vector where thgth  specific users is affected by the degree of freedom (DoF) of
element is the channel from thh antenna to théh user. We the design, which is the number of variablesgn or gf”.
assume a narrowband massive MIMO system which observidge TR system increases the DoF by using a large bandwidth
one tap channel due to the limited subcarrier granularityhich results in a massive number of observed CIR taps, while
Proper beamforming vectogg” can be designed to steer thehe massive MIMO system increases the DoF by installing a
energy to the intended usér such as the maximum-ratiomassive number of antennas. The larger the bandwidth and the
transmission and zero-forcing beamforminglinl[17]. number of antennas, the larger DoF, and therefore the better

The TR system utilizes the time-reversed and conjugatspatial energy focusing at the locations of the intended users.
CIR as precoding waveform to transmit the energy to the To illustrate the spatial focusing effect of both systems with
specific users. Because the CIR are location-specific [3], tH#ferent DoF, we conduct a simulation based on ray-tracing
energy only concentrates at the intended users with smi@thniques in a discrete scattering environment. 400 scatterers
energy leakage to the surroundings, which is called the spataé¢ distributed randomly in 2001 x 2004 area, wherel is
focusing effect. The large bandwidth enables the TR systahe wavelength corresponding to the carrier frequency of the
to resolve more taps from location-specific channels asgistem. The wireless channel is simulated by calculating the
focuses the energy more sharply to the intended user. On #uen of the multipaths using the ray-tracing method given the
other hand, the massive MIMO system focuses the enedggations of the scatterers. Without loss of generality, we use
to the intended users using the maximum-ratio-combinimgsingle-bounce ray-tracing method to calculate the channels
beamforming weights. By installing more and more antenndey both the TR system and the massive MIMO system on
the massive MIMO system concentrates the energy mdhe 5GHz ISM band. We select the reflection coefficients
sharply at the intended users as the TR system does witlofathe scatterers to be i.i.d. complex random variables with
larger bandwidth. The spatial focusing effect resulting fromniform distribution in amplitudg0, 1] and phasg0, 2x]. For

B. Massive MIMO system
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the massive MIMO system, the linear array is configured wiiti.d. with unit power. Based on the system structure in Eig. 1,
the line facing the scattering area and the interval between ti@ transmit signal of the AP can be expressed as
adjacent antennas g2. The distance from the transmitter and
the intended location is chosen to B@0. for both systems. sm] = Z Z Vorgi[m— 11X, (1)
To show the effect of system DoF on the spatial focusing i1

effect, we adjust the transmitting bandwidth of the TR system (D] ,
and the number of antennas in the massive MIMO systelil€reX; represents the upsampled version of the symbols to

The transmitter of the TR system transmits with bandwidtt$eri by D, p; is the allocated transmit power agddenotes
ranging from 100 MHz to 1GHz with one antenna, where the designed transmitting waveform with unit power for user
wider bandwidth observes more CIR taps and increases th&/Seri receives the signal and downsamples the signal for

system DoF. The number of antennas in the massive MIMEstection, and the downsampled signal can be expressed as

system is selected from 20 to 100 with bandwidth fixed at N
1MHz in the simulation. We select the matched filter waveform v, m) = [G;p; X;[1](h; = g;)[mMD— D] + n;[m]
and beamforming weights in the TR system and the massive l ;z,: e Y l
MIMO system, respectively.

We consider the received energy strength irbax 54

=y Gip; X;[m](h; * g;)[L — 1]

area around the location of the intended user. Eig. 2 shows %

the simulation results for both systems with a single channel +/Gip; Z Xi[m—1](h; = g;)[DI]

and scatterer realization, and we normalize the maximum A

received energy t6dB. We can see that the energy focusing 2L?2

effect becomes more obvious at the intended location with the D

increase in the bandwidth and the number of antenna, which + Z VGip; Z X;[m—1]h; = g;)[DI] + n;[m],
is the result of larger DoF to concentrate the energy at only Jj#i 1=0

the intended users. )

However, a closer look at the energy field in Figy. 2 revea}'gherehi is the chann.el from AP to useémwith unit power.L

that even with large transmitting bandwidth and a massif® the length of;, which depends on the delay spread of the
number of antennas, energy leakage still occurs at the S§pvironment and the_utlllzed bandwidth of the system. With
rounding of the intended users. The energy leakage cauSH§ Mmeasurement using TR system prototype with 125 MHz
the 1UI and the interference level increases when the numtgndwidth, we observe about 10 significant CIR taps and the
of users grows. Scheduler design is therefore desirable {6 channel lengtti is about 30. For notation brevity, we
perform interference management by selecting a subset35fume that —1 is an integer multiple of the backoff factor
users for transmission. In essence, the user selection isDoC: IS the path gain from the AP to userNote that the
choose a subset of users such that the energy leakage fidS Unit power and the channel power is absorbed (&0
small interference to any of the other selected users in ordkr!S the receiving noise of usérand is assumed to be an

_ ers ) ; 5 .
to reduce the 1Ul and to increase the total transmission ratkl-d- complex Gaussian r.v. with power;. In (@), the first
term represents the intended signal for uiséhe second term

is the ISI; the third term is the IUl and the last term is the
IV. DOWNLINK USERSELECTION ALGORITHM receiving noise.

In this section, we detail the algorithm for maximizing the

weighted sum rate in the downlink system. To be specific, tie Normalized Interference Matrix Calculation

scheduler receives the normalized interference matrix and the ) _

allocated transmission power for each of the users from thel-8t Us characterize the interference between the users based
physical layer and the minimum required transmission rate f8f the unit power channa} and the waveforms;. The(, e

the user from the application layer. The scheduler maintaif8tyZi,; of the normalized interference matirefers to the
weights for the users to adjust the fairmess and to avoid starvi§frference from usejrto user. ThereforeZ; ; is determined

due to poor channel condition and shadowing. Based on tR%the channeh; from the AP to the userand the waveform
information, the scheduler selects a subset of users to transituSed to transmit to usey. Z;; is calculated using unit
simultaneously and maximizes the weighted sum rate whff@werh; and unit poweg;, and therefore the name normalized

satisfying the minimum SINR requirement for the selectdfftérference matrix. We separafg in the calculation of
users. Z;; because the power allocation and the waveforms are

not necessarily designed together and the separation expands
the occasions where the scheme is applicable. Basef]on (2),
A. TRDMA System Overview the normalized interference between users can therefore be

. ) . . _represented as
First let us characterize the received signal of the users in a

TRDMA downlink system. Suppose that there &tausers in %
the system and all users use the same backoff faztof;[m] o o 2
is the transmitted symbols to userwhich is assumed to be Zi; = lz:(; (b = /(D] 3)
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% This relationship helps convert some of the quadratic terms
Z;,= Z |(h; = g)[DI]]?, (4) into linear terms in the system objective and the constraints.
1=0 We consider that the scheduler operates in the high SNR
l#% region where we omit the noise tem’;2 at the receiver and

where [B) and{4) are the 1UI and ISI for userespectively. the plusl term in the logarithm function. Also, the path gain
On the other hand, the 1UI for the massive MIMO system cd@i cancels each other and the optimization objective becomes

be calculated as s . Z | ( p: )
maximize » w;X;log, | =———
Z;j= |(hfw)Tg§w| , (5) X - 082 2 PiZi ;X
there is no ISI in the massive MIMO system due to the subject tox; € {0, 1}, Zp,-xi < Phax (8)
assumption of limited subcarrier granularity and a single tap i
channel is observed. PiX: > yi%, Vi

Y PiZijx; + 0} /G

C. Scheduler Objective We decompose the objective function into two terms using
Let us first formulate the scheduler objective and the cobharacteristics of the logarithm function as the following

straints. Suppose that the physical layer provides the scheduler

with the normalized interference matriX between users, maXimizeZw,-xilogz (L)

the allocated powep and the path gairs; between the X i 2 PiZij%;

AP and useli. The scheduler gathers the transmission rate

requirement®; from the application layer for proper operation = maxi’[nize Z wiX; Inp; — Z X;w; In (Z PiZi; Xj) .

if useri is selected to transmit. For a specific transmission rate i i J

requirementsR;, we can obtain the corresponding minimum Next, we linearize the second logarithm term using the Tay-

SINR requiremeny; by the one to one mapping between ratgr expansion of logarithm at) = 1 and use the constant term

and SINR. The scheduler maintains a set of weightsto and the first order term. Note that the Taylor expansion for

indicate the relative importance of each user. Based on fa@arithm function to the linear term is a global overestimator

collected information and requirement, the scheduler objectiye the logarithm function.

that maximizes the system weighted sum rate is formulated ag et p, w be the power and weight vector of lengthof the

Gipi users respectively. The second term[ih (9) can be simplified

+1 as
subject tox; € {0, 1}, Z PiXi < Puaxs (6) Zwt ¢ 0 zj: Pj i /)

Z Wi X; Z iji,ij) - WTX
i J

The first constraint requires the decision variabtgeso be x! (diagw)Zdiagp))x — w’ x,

binary, andx; = 1 represents usdris selected to transmit. . . . . .
) . . where dia¢) operation generates a diagonal matrix using
The second constraint requires that the sum of the transmittin . . :
. the elements in the vector. The inequality comes from the
power of the selected users to be no more than the maximum . )
gper bound of Taylor expansion of the natural logarithm to

AP transmitting power. The third set of constraints corresponae linear term. Define = diagw)Zdiagp) and o as the

to the minimum SINR requirements that the selected USeTS adamard product of two vectors. The objective function can
must meet, and therefore the selected users meet the minimum

o . € represented as
transmission rate requiremeRt.

)

maximize Z w;X; log, 5
X 7 GiZj iji_ij+O'l.

GipiXi (10)

2
Gi 2 PiZijXj + 0}

IA

> i X, Vi.

Pi
. Lo iXiIn | =————— 1lla
D. Mixed Integer Optimization Zi:w’ ' H(Zj ij,-,jxj) (112)
Let us describe the optimization transformation here. By > (In(p) ow) x —x’ Ax + wl'x (11b)
enumerating all possible vectors, we can find the optimal
decision vectox,,; that maximized the objective and meet all

the SINR constraints. However, the complexity for completeh foll h ¢ Tavl . h
enumeration grows exponentially with the number of uders WHere (1ID) follows the property of Taylor expansion. The

and therefore enumeration is not feasible when the numt?éfgmal objective fu(r;ctr:on 'E transforrrlwed m@j,flc). How%ver,
of users grows big. In this section, we propose a simple )) s not guaranteed that the optimal vectoy,, for (@) an

effective problem formulation that transforms the objective a ) are the same. . .
the constraints into an MIQCQP problem. DefineIy as an identity matrix of siz& and1 be an all

One property for binary decision variables that is used ihVector of corresponding size, we a(gd‘TINX and subtract
i o c :
the optimization formulation is as follows, 51"x which have the same value by the propertyin (7), where
x[.2 =¥, Vi (7) cis a constant larger than the smallest eigenvalus ofA” .

(In(p) o w + w)l'x — %XT(A +AD)x, (11c)
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Since the same value is added and subtracted in the objective Positive Semidefiniteness@fand Q;
it does not change the objective value nor the feasible set
The reason for this redundancy will be discussed in.IV—EI.
DefineQ = A + AT + cIy, we arrive at the final formulation

To ensure the transformed optimization problem to be an
IQCQP problem, we need to ensu@eandQ; are all positive

as semidefinite. We first introduce the Weyl theorém|[18] which
1 states as follows.
maximize(In(p) ow + w)'x — —x’ (A + AT)x Theorem 1Let U, V be Hermitian matrices of siz§ and
x | 2 let the eigenvalues;(U), 4;(V), and4;(U + V) be arranged in
= minimize §XT(A + AT +cly)x non-decreasing order. Fér= 1,2,---, N, we have
* (12)
c
~(n(p)ow+w+ - 1)x (V) + A1(V) € (U + V) € (V) + 4, (V) (19)
o1 o
= minimize EXTQX —(In(p)ow +w+ EI)TX- Take U as A + AT andV ascly. It is clear that ifc >

A1 (A + AT) then Q will be positive semidefinite. The same
also applies tdQ; and the constants; for the constraints.
p'x < Prax (13) The calculation for the eigenvalue for both the objective
_ ) o function and each of the constraints might seem time consum-
For the third constraint, we have the minimum SINR,g Nevertheless, we can simply use a predefined constant
constraint for user as, rather than calculating the eigenvalue for each optimization

The second constraint can be written as

PiXi > yi% (14a) problem. In our simulation, simply choosing=¢; = 1 is
Y piZiyx; +02/G T sufficient to ensure a valid MIQCQP formulation.
2
(o :
= X ) PiZip + (- Pii<o (14b)
J o F. Extension to Multi-Cell Scenarios

Let 0y, be an by m all zero matrix. DefineB; as an all  \ye propose a scheduler based on the MIQCQP formulation
zero matrix withith row to be the Hadamard product f i, 4 downlink, single-cell setting in previous sections. The

theith row of Z, and the transpose of the power allocatioBsme formulation methodology can be applied to downlink
vectorp as follows cooperative multipoint (CoMP) scenarios with changes in the

01N definition of variables and in the derivation of the normalized
B = |ziop”|. (15) interference matriXZ. Let us consider a downlink scheduler
On_in in a multi-cell network withC full frequency-reusing and
i synchronized cells. Suppose thst users are in celk, k =
~ Defineg; as an all gero vector of lengtN, except for the ... ¢ and there is inter-cell interference (ICI) due to full
ith component being/G; — p;/vi, frequency reuse among cells.
0;_1,1 To distinguish the users in different cells, we use superscript
ot P to indicate the index of the cell and use the subscript to indicate
i G; ; ) (16) the user in a specific cell. Defim‘é"l as the normalized CIR
On_in1 from cell| to useri in cell k and definegj. as the transmitting
Then the constraint can be represented as waveform assigned to usérin cell I. Definer."l as the path
gain from celll to the useti in cell k. Suppose all users in
x"B;x + (L-TX <0, Vi all cells use the same backoff factdr then the downsampled

received signal for usdrin cell k can be expressed ds [20),
where the first term is the received signal, the second term the
ISI, the third term the IUI, the fourth term is the ICI, and the
last term is the receiving noise.

. . K,k : :
whereQ; = B; + B +¢/Iy. ¢; is a constant that is larger than Let Z*" denote theN; by N; normalized |r]1(tlerference
the minimum eigenvalue d8; +Bl_T_ matrix within cell k as defined in SEc.IVAB. LeZ*' be the

] o ) . k.l - \th k1

Based on the above transformation, the whole optimizatidl PY Ni ICI matrix. Z;*;, the i, j)™ term of Z™', represents
problem is formulated as the ICI to the user in cell k due to the transmitted signal to
userj in cellI. Zf."j’ is defined as

1 C; .
§XT(B[- + B,-T + cIn)x + (qiT - El)x <0, Vi (17)

1 C; .
= EXTQ,'X + (qiT - EI)X <0, Vi

o1 c
minimize EXTQX —(In(p)ow+w+ EI)TX
X
k.1

G- 2
i b« ghiot[

4

subject tox; € {0,1}, p’x < Ppax (18)

2L-2
D
Zkl = E
L]
=0

which is an MIQCQP problem if and only ) andQ;s are Wherer."k in the denominator is to cancel the same term later
positive semidefinite. in the formulation. We can define the normalized interference

1 Ci .
EXTQ,-X +(q! - 5’1)x < 0,Vi,
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C Ne
YEIS = ) >, D NG PEXC It gf)[SD~ D] + nf]s]
c=lu=l 1t
2L-2
D
=G K pEXE[S] (K« gh)[L - 1]+ /GH* pt Z XE[s - t](h* « gh)[Dt] (20)
L-1
t=0,t#—T
2L-2 2L-2
g Nk Kk, k S oo O ye k : k
# D G DT XE[s—tiEF gD+ DT TGS DT X [s— t](hitC « g5)[Dt] + nf[s],
J#I t=0 c=lLc#k t=0
G pk
maximize Z Z wkxFlog, - i P +1
T4 (GH* Zdiagp)x) [ZX2] Ne + 11 + ()2 -
Gk pkxk
subject toxt € {0, 1}, Vi, k" pfxf < PE,. vk, - i > ykxk, ik,
; (GH* Zdiagp)x) [ZX2) Ne + 11 + (o)
matrix Z in the multi-cell scenario as To investigate the impact of imperfect channel information,
ZLl g2 ... glC we start from analyzing the channel estimation error of the
7>l g2 ... g2cC physical layer. There is existing literature on the distribution
7= ) ) ) . ) of the channel estimation error for the massive MIMO system

[19], but there is no existing analysis or models on the channel
estimation error on the TR system. Therefore, we first analyze
a Golay sequence based channel estimation scheme for TR
stem proposed in [14] and analyze its impact on the accuracy

7C:1 ZC,Z ... 1zg&c

Let N = ¢ N¢ be the total number of users in all
cells, and we define the new decision variable vector 3

length N asg =[x/ xI' - XZE]T, and the new power ° scheduler parameter inputs.
vector of lengthN asp = [p/ p! .- pL]”. The total

interference[ik including ISI, IUl and ICI to user in cellk is A. Golay Sequence Based Channel Estimation
(Gf."kZdiag(f))f() [>XZ1 N.+i], where the term iif-) is a vector ~ The Golay complementary sequence is first proposed in
of lengthN, and the operatofr] takes out the correspondingl20], which suggested a set of complementary sequence pairs
element in the vector. G, and G, of the same lengtiLs. The correlation ofG,

The weighted sum rate maximization il (6) can be refowith itself, i.e. Cor(G,, G,) has a prominent peak but noisy
mulated using the newly defined variables and interferengélelobes. However, CdG,, G.) + Cor(Gy, Gp,) produces a
matrix as[(2]L), where usein cell k has its own corresponding Single maximum peak with no sidelobes. This prominent peak
Weightwl’.‘, SINR requirements«f‘, and receiving noiseg-ik)Z_ is useful in channel estimation because a clean copy of channel
The same procedure follows to transform the optimizatigistimation can be obtained at the peak without the interference
problem into the MIQCQP formulation. In the CoMP settingfrom the sidelobes.
it is assumed that the scheduler has the full knowledge ofGeneration ofG, and G, is based on two different se-
the path gain, channels, and waveforms of the system. If thgence®, andW, of lengthn, and the length of the generated
full knowledge of the system is too expensive to obtain, son§eolay sequence it = 2". Fig. [3 shows an example of
of the components can be approximated and the MIQC®R. and G, pair using randomly generated, and W, with

formulation still applies. L = 256, and Cor(G,, G,) + CorfGp, Gp) shows a clear
peak with no sidelobes. Please note that the amplitude of the
V. IMPACT OF IMPERFECTCHANNEL INFORMATION peak iSZLG and the Iength of the zero at the two sides of the

In the previous Section, we assume that the CIR informatigr?ak iskg — 1.
provided by the physical layer to be perfect. However, the CIR
information provided by the physical layer is subject to recei8. Channel Estimation via Golay Sequence
ing noise. The mismatch between the true and the estimateg\ channel estimation scheme using8hg by 1 probing
channel causes worse energy focusing in the 5G system,wl‘g’gt@luenwp is proposed in[[14], which is composed of the
results in a lower SINR in communication. Moreover, th%orresponding pair of Gola); sequend®@s G, as
mismatch also degrades the scheduler performance by noisy
physical layer parameter inputs. ¢=I[G, G, -G G] Gl -G, GlI G]I". (22)
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(a) Ga. (b) Gp. (C) COI’I(GQ, Ga) + COI'I'(GQ, Ga)-

Fig. 3: An example of Golay sequence.

R, The channel estimatioh of lengthLg + 1 can therefore be
s Y Ra Golay y  represented as
¥ Correlator % h=®(+h+n)=4Lch’ + dn = 4Lgh’ + n, (25)
D(2Lo) ’
b whereh’ is of lengthL¢ + 1 which is formed by zero-padding

Fig. 4: Diagram for Golay based channel estimation. h to match the matrix dimension, ama, is the channel
estimation error due to the received noisat the receiver.

Fig. [4 shows the block diagram of the channel estimatiops ~hannel Estimation Error Analysis
The transmitter transmits the channel estimation sequence
and the receiver receives the-8Ls—1 by 1 signals = ¢=xh+n,
wherel is the length oh. We assuma is AWGN with zero
mean and variance?>.

The received signas is divided into two branches. One
branch goes through a delay ?f ; and is summed with the
other branch aRy,.

We investigate the mean and variancempfto show the
effect ofn andLs on the quality of channel estimation. By the
assumption than is AWGN with zero mean and varianee,
the mean of estimation errat, is also zero. The covariance of
the channel estimation errag is ®Covn)®. It is assumed
that n is i.i.d. AWGN with variancec?, and therefore the
covariance ofa, is c20®H .

I ] 4 02Lc,L]) s (23 To give an example of the correlation nf, we randomly
026, I ' generate a Golay sequence pair with = 256. Fig. [ is

We calculate the correlation &, with G, and G, using the correlation of, with.n to bg i.i.d. Gaussian with unit?,
the Golay correlator block, which produces two brancRgs namely®®*. The prominent diagonal components have value

andR,, respectively. Defin€, andC, as theL +3Lg — 1 by 4L and each element of the diagonal is the noise variance

. _ ) 2 ;
L +2Lg convolution matrix constructed by the time-reversedfe Of fe. The off-diagonal components have extremely low

version ofG,, andGy,, and the outputs of the Golay correlatoi’@lue, which shows that different componentsipfare almost
can be expressed &, = C,R; andR, = C,Ry. Ry, is uncorrelated. Therefore, the channel estimation emgren

delayed by3L to summed withR, in order to produce the each tap of the estimated chanhélare nearly uncorrelated,
final channel estimation result. Therefore, the whole estimati¥ffich is nearly independent due to the assumption shet

R

block can be expressed as i.d. AWGN.
y = Isrg-1 ]CaRdJ, O2L.L43L6-1 CoRy D. SNR Enhancement of Golay Sequence Based Channel
0216.L43L6-1 ILoL6-1 Estimation
T (24) The Golay sequence based channel estimation scheme in-
=T(¢p+xh+n)=|D|(¢+h+n). Y

T creases the SNR of the channel estimation. Suppose that the
2 SNR at the receiver i®/o> whereP ando? are the power of

The matrixT is the total transfer function from the esti-the received signaland the noisa, respectively. The channel
mation block inputs to the block output, and it is separatedstimation output has a peak with amplitudle;, by which
into three partg;, ®, andT, by the rows.T; andT, represent the power of the channel estimation liéLéP. Each row of
the noisy part of the channel estimation scheme which is tfheconsists of exactlLs none zero elements with amplitude
sidelobes of the correlation &, andG,,, and these two parts 1, thereforea-e2 is 4Lgo2. As a result, the SNR at the channel
are of no interest in channel estimatioh.is the (7Ls)"" to estimation output is boosted fdi ¢ times.
the (8Lg)™" rows that correspond to the clean peak of the The channel estimate using the proposed Golay channel
correlation of the Golay sequences without sidelobes, as shoggtimation scheme is contaminated with noise which has zero
in Fig.[3(c). @ is a matrix that is determined by the Golaymean and variancélLg 2. Therefore, the length of the Golay
sequence pair, and each row d@fhas exactiLs none zeros sequence affects the SNR boost at the estimation output,
entries with amplitudd. and the TR system can adapt the Golay sequence ldngth
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212 212
~ D N 2 D 2
E[Z;]=E Z |(h; < g)[DI]|"| = E Z ‘ ((h; +n,) * g;) [D|]|
1=0 1=0
L-1
o (L-1 o? &2 2 (26)
Zii+—|— 1]+ — DI Jifi = o° (L-1 e
]+4LG( D )+4ch|g][ ]‘ mr=] Z”+4LG(_D ) Jifi=
= <
L1 o? (L-1 s
o2 (L-1 o2 L ij ( +1) Jif i
Zi; +—— A | DI | | if 4| D
]+4LG( D)+4LG;&[ ] "l

where we assume that is i.i.d. complex Gaussian noise with
zero mean and variance?. According to the optimization
formulation of the scheduler ifi](6), channel estimation engor
affects the scheduler performance by affecting the calculation
of the normalized interference matriZ. Define Z as the
normalized interference matrix obtained using the channel
estimationh, and we calculate the expectation bfto show

the impact of channel estimation error on the normalized
interference matrixzZ. Z is shown in [[26), where the last
inequality results from the normalized wavefogmnand serves

as an upper bound fa [Z].

The formula suggests that the error in the normalized
interference matri\Z = E [Zi, j] —Z,;; relates to three factors,
the backoff factorD, the channel length., and the length
) of the Golay sequenckgs. A larger backoff factor not only
Fig. 5: An example ofp@*. reduces the Ul and ISI but also reduces the impact of the

channel estimation error on the normalized interference matrix.

based on the system requirement on channel estimation. MGRE 1onger the channel length, the larger the 1Ul and 1S, thus

importantly, n, on each tap of the channel estimation ari'€ PiggerAZ. The last factor is the Golay sequence length

nearly independent, which is the result of the structure of tie» Which affects the additive noise power at the channel

transfer functiond of the Golay channel estimation scheme®Stimation. The dependence of on Lg gives the system
The channel estimation error for the massive MIMO systefi€ flexibility to adapt the length of Golay sequence to the

is investigated in[[19]. The channel estimation errors on t/§€rs’ SNR conditions.

links from the base station to a user are i.i.d. complex Gaussian

with zero mean and same variance which is determined by VI. SIMULATION RESULTS

the shadowing effect of the user. The channel estimation eITON this section, we evaluate the performance of the proposed

of the TR system and the massive MIMO system share tlggheduler algorithm from several aspects. First, we compare

similarity in that the estimation errors of the channel Ao time complexity of the proposed scheduler algorithm

Li.d variables with zero mean and the same variance. Tr\uﬁth that using enumeration. We also evaluate the scheduler

S|_m|Iar|t_y n ChaP”e' gstlmat|on error therefore extends t rformance under different physical layer structures. Then we
discussion and simulation results on the scheduler performa

q dati ) stigate the impact of channel estimation error. We use the
egradation to massive MIMO counterparts. following model and system parameters. We gendiaiéthe
TR system based on the channel model proposed in [4], where
E. Effect on the Scheduler Parameter hiK] = 2L hyss[k—1]. hi[k] is the k-th tap of the CIR with
_The proposed scheduler algorithm generates the transniigrgth L, and ¢ is the Dirac delta function. We assume that

sion prpflle for the users based on the estimated channel 3ngk] are independent circular symmetric complex Gaussian
the assigned power from the physical layer. Inaccurate chanfesCcG) random variables with zero mean and variance as
estimation deteriorates the efficiency of the scheduling in t 2 LI . .

o ' . : h;[k =er,0<k<L-L1LT th I
MAC layer, and it is desirable to investigate how the chann InIKIF) = e o1, 0 s 1S the sampling

timati ffects the input ¢ f th riod of the system, which is 8 nanoseconds for the 125
gsr:emdauigr error affects the input parameter ot the proposgh,, system.or is the root mean square delay spread of the

. . L ._channel, which is about 30 to 50 nanoseconds in an indoor
Based on the previous investigation of the channel estima- . .
. . N environment. We seledt to be 30 since most of the channel
tion error, we model the estimated chanhehs - - . . .
energy is concentrated in this part. The wavefgria the time

h=h+n,, reversed and conjugated versionlof For TR system, users

1536-1276 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2017.2690432, IEEE
Transactions on Wireless Communications

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL., NO., 20 10

due to expansion dt gets smaller. For largeM, which is the

0'08 S E - targeted use case for the next generation sysgemgreases
ooy rapidly to aboved.9 in all cases wher® is larger thars.
20067 To evaluate the performance of the proposed scheduler
8 oosh . under different SNR conditions, we perform simulations where
E all users have the same SNR selected fierfi 0,5, 10] dB.
£0 ] We simulate with different backoff factoB = [4, 8, 12, 24, 30]
%0-03’ ] and N = 9, and the result is presented in Fjg. T(b). In the
@ o00f 5 ] low SNR region, the approximation ifl(8) is not as accurate
’ and there is a gap between the performance of the proposed
scheduler and that of exhaustive search. Howgvéarncreases

s 4 s s 1 8 s 1w over0.9 whenD is larger thar8 in most SNR cases.
pumber ofusers. The proposed scheduler separates the physical layer imple-
Fig. 6: Run time comparison for different number of usersmentation, and the separation makes the scheduler suitable for
different waveform design and power allocation algorithms.
Fig.[8(a) showgp with a downlink system using the waveform
are distributed randomly within @0 meter by20 meter area design and power allocation proposed in [16] The Origina|
with the transmitter located at the center to simulate an indq%”nk max-min SINR algorithm in[[16] is modified using
environment. For massive MIMO SyStem, users are dlStrlbUtﬁ% up"nk-down”nk dua“ty for downlink purpose. The figure
randomly within a300 meter by300 meter area to simulate anghows a similarp as in Fig.[7(d), which shows that the
outdoor environment. The transmitter is located at the centerp}bposed scheduler algorithm is versatile for different physical
the area in both cases. The path loss exponehfisThe rate layer implementation.
requirements for the useR are generated uniformly fromthe \we also evaluate the scheduler performance on the massive
range of 1 Mbps to 2 Mbps. The weight vecteris generated MIMO system. We assume flat fading channels, i.e. one tap
uniformly from 0 to 1. The power vector is generated from ghannel, on each link of the massive MIMO system. Each link
uniform distribution from0.1 to 0.3 for each user an®ax  is modeled as a complex Gaussian random variable with zero
is set tol. The SNR isO dB for each of the users unlessmean and unit power &N(0, 1). The beamforming vectay;
mentioned otherwise. The system bandwidth of the TR Syst%nse|ected as the maximum ratio Combining (MRC) Scheme,
is 125 MHz in the simulation. The simulation is repeated fq}"/here g; is S|mp|y the Comp|ex Conjugate of the channel
2000 channel realizations for each of the settings. Lastly, wgk h:. We set the number of usei$ = [3,7,10,13] and
select the Gurobi solver to solve the MIQCQP problém [21}he number of antennakl = [10,20,30,40] and simulate
2000 channel realizations. Fig. 8(b) showsf the proposed
A. Time Complexity scheduler and it is obvious thatapproaches tad in all cases

Time complexity is an important performance indication fo\cveTsmuI?te?. h ; f th hedul ith al
a scheduler that performs in real time with a strict deadline. 0 evaluate the performance ot the scheduler with a large

Moreover, the importance grows with the foreseeable sh mber of users, we evaluate the scheduler performance with
increase in the number of users in the system. [Hig. 6 sho § number of userdl = [15, 29’ 25,30] and D =[16,20,25].

the comparison of the running time with number of ushirs We compare the average weighted sum rate of the scheduler
ranging from3 to 10 and D = 4. The proposed schedulerPUtPut with a first-come-first-serve system that tries to accom-

consumes more time than that of exhaustive search when Eﬂ%date as much as users as possible given the users’ require-

number of users is small due to the model setup and showsnaﬁnts are satisfied. We simulate 4000 channel realizations for

empiricalO(N) complexity. The result shon@(2") complex- each shetdoTN ar]rth andl Fiﬁ'@ srr]lowsh the resultj ththdel
ity for exhaustive search and the execution time outpaces schedulers. The result shows that the proposed scheduler

proposed scheduler. TH&(N) complexity makes the proposedoutperforms the_ first—come—first—serve_system in every setting
scheduler suitable for application with a strict deadline. by a large margin, showing the effectiveness of the scheduler
with a largeN. With a fixedD, the weighted sum rate increases

] ) with N and saturate wheN is large. The SINR requirements

B. Scheduling Performance Comparison of the users limit the achievable regions of the system and

To evaluate the performance of the proposed scheduler, msults in the weighted sum rate saturation at lafgeiVith
compare the weighted sum rate of the proposed schefylera fixed N, the system weighted sum rate decrease with larger
with the weighted sum rate obtained by exhaustive seBsgh D because of less frequent transmission.
by calculating the average of the rafio= Rg/R,,;. We chose  To evaluate the scheduler performance with existing sched-
the backoff factorD = [4,8,12,24,30] and number of users ulers, we compare the performance with the massive MIMO
N = [3,5,7,9]. Fig.[7(a) shows the with different N and scheduler proposed i [22]. The authors proposed a pair-wise
D. For a smallD, the deviation from optimality with largdl semi-orthogonal user selection (pair-wise SUS) scheduler that
comes from the errors at the linearization of the logarithm terselects transmitting users with mutual channel correlations
aroundl, because the actual sum is far framHowever, when lower than a cut-off values,,;,. We selects,,;, to be 0.45
D increases, the entries & becomes smaller and the erromhich shows the best performance across a different number
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Fig. 7: Performance of the proposed scheduler compared with exhaustive search result.
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Fig. 8: Performance of the proposed scheduler with different physical layer implementations.
10 has the same weight and simulate 2000 channel realizations.
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The performance metric is measured by the complexity and
the average ratipsys = Rg/Rsys of the system sum rates
between the proposed schedul&) and the pair-wise SUS
scheduler Rsys).

Fig.[I0(a) shows the mean execution time of the pair-wise
SUS scheduler and the proposed scheduler. Simulation result
shows that the proposed scheduler 8&ll) complexity, while
pair-wise SUS scheduler ha¥(N?) complexity, whereN is
the number of users. Th@(N?) complexity of the pair-wise
SUS scheduler is the result of the need to search through all
pairs of users’ channels to find the high correlated pairs and
to remove one of them in the selected user set.
6\:ig. shows thesys of the pair-wise SUS scheduler
and the proposed scheduler. The simulation shows that the
proposed scheduler outperforms the pair-wise SUS scheduler
in all cases, ang increases with the increase of users. The

of antennas at the transmitter in_[22]. We impose the rapair-wise SUS scheduler removes users with high channel
constraints on the users selected by pair-wise SUS schedalamrelation one-by-one, and therefore the selection process of
and remove users one by one until all users’ rate constraittie scheduler may reach a local optimum. On the other hand,
are satisfied. We simulate 150 antennas at the transmitter, #mel proposed scheduler selects users together, and therefore
30 to 100 users in the system. We assume that each uber global optimal value of the MIQCQP formulation can be
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Lg 16 32 64 128 256
ri,j | 0.187 | 0.145| 0.0118 | 0.093 | 0.081

TABLE I: Maximum absolute value of the off-diagonal com-
ponents of the estimated channel estimation error correlation
with different L.

reached.

0.65 - —+—L =32
L =64

ol L =128

----- LG =256 4

C. Channel Estimation Error 0851

To investigate the distribution of the channel estimation 5 0 Bgfkmmréo s 30
error, we simulate the estimation error of the Golay channel
estimation block output as follows. We generate i.i.d. AWGHNig. 11: Performance ratior between perfect chann& and
n with zero mean and unit variable at the receiver inpughannel estimation errdRg.
We randomly generate 100 pairs of Golay sequence with
length Lg = [16, 32,64, 128,256]. For each pair of the Golay ) . .
sequences, we generate 10000 realizations ahd estimate Scheduler output with perfect channel informati&g. We
the correlation coefficient of the channel estimation error BE"fOrm 2000 realizations and calculate the mean f in
the output, i.e. the correlation of,. all cases. _ _ _
Table.[] shows the maximum absolute value of the off- Fig.[I1 shows the ratip;: with N =9, where the y-axis
diagonal element of the estimated correlatigni # j of n, runs from0.5 to 1. A small Ls does affegt the schedul_er
over all the 100 random realizations of the Golay sequend@§rformance, but the performance reduction reduces with a
With the increase ok, max(r;,).i # j decreases to less than@'9€r Lg. Moreover, for the range wher® > 8 which
0.1 which indicates that the channel estimation error has 18w 2 preferabl_e opergtlng point fdd = 9, the reduction in
correlation value. This justifies our previous assumption thg@rformange IS marglnal_. The result shoyvs t_hat the proposed
the channel estimation error on each tap of channel estimatfneduler is rqbust against channel estimation error and the
at the output of the Golay based estimation block can ¥Stem can adjust the Golay sequence length according to the
modeled as independent. Also, the Golay sequence in AR ©f the received signal.
simulation is generated via random realization®gfandWw,,,
and exhaustive search @, andW, can further reduce; ; if VII. CONCLUSION
desirable. In this paper, we propose a novel scheduler for the 5G
We evaluate the effect of channel estimation error on tliewnlink system. The scheduler objective of maximizing
stability of the scheduler performance as the following. Weystem weighted throughput and the SINR constraints of the
assume the SNR at the receiver GdB and calculate the users are transformed into an MIQCQP problem. The proposed
corresponding channel estimation noise power with differesthduler has a linear complexity compared to the exponen-
Golay sequence lengthg. Then we calculateZ, with the tial complexity of exhaustive search with slight performance
estimated channeh; and g; being the time-reversed andreduction. Secondly, we investigate the impact of imperfect
conjugated CIR. Then we calculate the rgtip between the channel information and analyze a channel estimation scheme
scheduler output with channel estimation erR¢ and the of TR system using Golay sequence pairs. The Golay sequence
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based channel estimation error has a similar distribution as {h#] S. Dierks and N. Juenger, “Scheduling for massive MIMO with few

channel estimation error of the MIMO system. The proposed ~gxcess antennas,” i20th Int. ITG Workshop Smart Antennadarch
» pp. 1-5.

scheduler is shown to be robust against channel estimation
error and is versatile for different physical layer structures. T
robustness, versatility, and the low time complexity make t
proposed scheduler suitable for deployment in systems witt
massive number of users and strict scheduling deadlines.
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