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Spatial Frequency Scheduling for Uplink
SC-FDMA based Linearly Precoded LTE
Multiuser MIMO Systems

Zihuai Linf, Pei Xiad®, Troels B. Sgrenséfi, Branka Vucetit

Abstract

This paper investigates the performance of the 3GPP Long Esolution (LTE) uplink Single Carrier (SC) Frequency Divi
sion Multiple Access (FDMA) based linearly precoded m&uMultiple Input Multiple Output (MIMO) systems with fregncy
domain packet scheduling. A mathematical expression afgbeived Signal to Interference plus Noise Ratio (SINR}Herstud-
ied systems is derived and a utility function based spatijfency packet scheduling algorithms is investigated Sdihedulers
are shown to be able to exploit the available multiuser ditaein time, frequency and spatial domains.

. INTRODUCTION

The Single Carrier (SC) Frequency Division Multiple AccésBMA) technique for uplink transmission has attracted
much attention due to its low Peak to Average Power Ratio @BABtoperty in comparison to Orthogonal FDMA
(OFDMA) technique [1, 2]. In 3GPP Long Term Evolution (LTEgIg0 known as Evolved-UMTS Terrestrial Radio
Access (E-UTRA)), SC-FDMA and OFDMA have been selected famlt and downlink transmissions, respectively
[3]. The SC-FDMA signal can be obtained by using Discreterfeoulransform (DFT) spread OFDMA, where the
DFT is applied to transform the time domain input data symbolthe frequency domain before feeding them into an
OFDMA modulator.

For broadband wireless transmissions, e.g., LTE OFDMA diokmand SC-FDMA uplink [4,5], several consecutive
subcarriers are usually grouped together in order to sfyntiie scheduling task. A basic scheduling unit is called
a Resource Block (RB). The scheduler in a E-UTRAN NodeB (eRB)Yy assign single or multiple RBs to a User
Equipment (UE).

Two MIMO schemes for SC-FDMA uplink transmission are beingeistigated under 3GPP LTE, namely, multi-
user MIMO and single user MIMO [3]. For single user MIMO, thdE only schedules a single user into one RB;
whereas for multi-user MIMO, multiple UEs are allowed toisenit simultaneously on each RB. Both open loop and
closed loop MIMO have been proposed. However, the latterigees both diversity and array gain, and hence superior

The authors’ are with the School of Electrical and Information Enginegri University of Sydney, 2006 Sydney, Australia (e-mail:
{zihuai,brankd@ee.usyd.edu.au). The authdris with the Institute of Electronics, Communications anébtmation Technology (ECIT)
Queens University Belfast, United Kingdom (e-mail: peio@qub.ac.uk). The authdt' is with the Department of Electronic Systems, Aal-
borg University, Aalborg, Denmark (e-mail: tbs@es.aal.dk



performance. Due to its simplicity and robust performaribe,use of linear precoding has been widely studied as a

closed loop scheme in the open literature [6].

For broadband radio transmission, the channel may experifrrquency selective fading. For SC-FDMA uplink
transmission, data transmission of different users magmaapce different channel gain even in the same subcaByer.
assigning subcarriers to their favorable users with lahgenel gains via the scheduler at the base station, thesinegu
selective diversity can be provided. Thus, the overallesysthroughput can be improved. Previous works on channel
dependent frequency domain only (without spatial domatheduling can be found in the literature, e.g., [7, 8] for
downlink OFDMA systems and [4, 9] for uplink SC-FDMA systenis [7], a multiuser subcarrier and power allocation
scheme for OFDM systems was considered. A multiuser adaptitacarrier and bit allocation algorithm was derived,
it was shown that with their proposed algorithm the overadjuired transmit power can be reduced akiout 10 dB
compared with the conventional OFDM without adaptive matah. In [8], a transmit power adaptation algorithm
was developed for multiuser OFDM systems in downlink traission, the algorithm was used to maximize the total
data rate. In [10], a fair and efficient channel dependergciging algorithm for High Speed Downlink Packet Access
(HSPDA) systems was investigated. That algorithm aims tmece the average throughput for each user by giving

more priority for those users with low average throughput.

In [11], a frequency domain channel dependent schedulingifat channel employing adaptive transmission band-
width in uplink SC-FDMA system was proposed. In their praggbscheme, the users with good Channel Quality
Indictor (CQI) measurements were assigned with a wide pilotsmission bandwidth, whereas the users with poor
CQI measurements were assigned with a narrow pilot trassmnidandwidth. Compared with the system using a
fixed pilot transmission bandwidth, the proposed adaptila pansmission scheme can significantly improve the cell
throughput. All of the above mentioned works deal with opeopl systems with single input single output channel

under the assumption that the channel state informatioatiavailable at the transmitter.

In this paper, we investigate the system performance of & BMA based linearly precoded LTE uplink multi-user
MIMO system, with spatial and frequency domain packet suliiegl. The objective of this paper is to develop low
complexity scheduling algorithms to provide higher thropgt for the uplink transmission system. We will derive

an novel mathematical expression of the received Signatference plus Noise Ratio (SINR) for the system under



investigation. With the proposed scheduling scheme, werappropriately grouped to form a virtual (or distribyted
multiuser MIMO configuration with linear precoding. Suchéiof uplink MIMO is termed as uplink “Cooperative
MIMO (Co-MIMO)” in [12, p.27]. When Co-MIMO is used in dowmik by sharing data streams between the eNBs for
precoding, it is sometimes called as network MIMO [12]. Aatat in [12], “Co-MIMO is also possible in the uplink
but is fundamentally more difficult to implement as no phgbiconnection exists between the UE to share the data
streams.” In this paper, we investigate the scenarios wtheraplink Co-MIMO is possible. Practical situations where
such assumption could apply: (1) users are close, such asatbevithin the range of WLAN, Bluetooth, etc. 2) for
eNB to Relay communications where the relays play the roiesefs; Relays could be assumed to be deployed as a kind
of meshed sub-network and therefore able to cooperatensrtrigsion over the uplink interference channel. In both
cases, one could foresee the need in connection with htd-sgpecific areas where capacity needs to be relieved by
multiplexing transmissions in the uplink. It will be showow the system throughput increases significantly compared
with scheduling based on random users grouping. The maimilsotions of this paper are the derivation of the received
SINR for both open loop and closed loop SC-FDMA based uplinki® systems, the development of a low complexity
spatial frequency channel dependent scheduling algosdhethe proposal of a per RB based resource fair scheduling
algorithm.

We start with a description of the system model in Sectiobdked upon which we derive an analytical expression
of the received SINR. Multiuser scheduling algorithms asewssed in Section I, and simulation results are presknt

in Section IV. Finally, conclusions are drawn in Section V.

II. SYSTEM MODEL

We consider a cellular multiple access system wigireceiver antennas at eNB and single transmit antenna &hthe
user terminal; = 1,2, --- , K whereKr is the total number of users in the system. We consider thé-osér MIMO
system in whichK' (K < Kr) users are served at each time slot, and we asstimen . The system model for the
SC-FDMA based MIMO transmitter and receiver are shown by Fignd 2, respectively. On the transmitter side, each
user data block containingy symboals is firstly transformed by aN point DFT to a frequency domain representation.
At the nth subcarrierp € {1,--- , N}, the frequency domain representation of the users’ dattharepassed through

a precoding matriB,, of size K x K in Fig. 1. The procoding matrix will be further explaineddatThe outputs are



then mapped td/ (M > N) orthogonal subcarriers followed byM point Inverse Fast Fourier Transform (IFFT) to
convert them to a time domain complex signal sequence. Ai€CRokfix (CP) is inserted into the signal sequence before
it is passed to the Radio Frequency (RF) module. On the rexceige, the opposite operating procedure is performed
after the noisy signals are received at the receiver anserhdIMO Frequency Domain Equalizer (FDE) is applied
to the frequency domain signals after subcarrier demapainghown in Fig. 2. For simplicity, we employ a linear
Minimum Mean Squared Error (MMSE) equalizer, which progidegood tradeoff between the noise enhancement and
the multiple stream interference mitigation [13].

In the following, we letDy,, = Ix ® Fjs and denote by, the M x M Fourier matrix with the element
[Frlmp = exp(—j2=(m — 1)(k — 1)) wherek,m € {1,---, M} are the sample number and the frequency tone

number, respectively. Here is the Kronecker producflk is an identity matrix of dimensiod’. We denote by

DE;/I =Ix @ F;/ the K M x K M dimension inverse Fourier matrix, whelfg, is the M x M inverse Fourier matrix

1
N

with each elemeni;/ |, x = 17 exp(j 2% (m — 1)(k — 1)). The N x N matricesDr, andDg are defined in the
similar way asDy,, andD];lf/I. Furthermore, we lef ,, represent the subcarrier mapping matrix of slZex N and

F ! the subcarrier demapping matrix of sidex M.

The received signal after RF and removing CP can be expressed= HD];;/I (Ixk ® F ,)DryX + w, Where
x =[x, ... xF)T ¢ CKN*1 s the data sequence of il users, an&k(® ¢ C'*N, i € {1,--- , K} is the data
block for theith user. w € CMnr*1 is a circularly symmetric complex Gaussian noise vectohwiro mean and

covariance matrixNoI € RMmexMne je w ~ CN(0, NoI). H € C"#*K is the block channel matrix defined as

Hix Hi2 - Hixk
Hx: H:2 - Haxxk

H — . . . . Y
HnR,l Hl’lR,z e Hl’lR,K

whereH; ; € CM*M s the diagonal channel matrix between ftie transmit antenna and tfith receive antenna, the

nth diagonal element dfl; ; corresponds to theth symbol of the transmitted data block at tftke transmit antenna.

With the frequency domain equalizer, the signal at the detdecomes
A(Ik ® F,')Dpyr 1)

whereA is a K x K block diagonal equalization matrix with thigh matrix on the diagonal equal &9 which is a



N x N frequency domain equalization matrix for tita user,i € {1,--- , K}.

In frequency domain, the transmitted symbols from:theuser at thexth subcarrier before linear precodingus; =
/PriSn.i Wherep,, ; ands, ;,i € {1,2,--- , K}, are the transmitted power and the data symbol foittheser at theith
subcarrier, respectively. If gathering all theusers’ data and arrange them into a vector, from the recpaiat of view,
all the K users’s data can be considered as from a virtualesimger with/” antennas. The transmitted signal from the
virtual user at thexth subcarrier before linear precodingsis = Ps,, whereP,, =diad(\/Pn.1; \/Pn.2,,"** s /Pn.K)
is a K x K diagonal matrix.s, € CX*! represents the transmitted data symbol vector from thealitiser with
E[s,st] =1, wherel is anK x K identity matrix. Each antenna of the virtual user corresisoio one user.

The received signal in frequency domain at thik subcarrier can be expressedyas= H,,B,,P..s,, + w,,, where
B, € CK*K s the transmit precoding matrix of the virtual user at thie subcarrier. As shown lateB,, can be
obtained from the channel matrH,, and the channel noise covariance matiX,, is theng x K complex channel
matrix between the virtual user and the eNB (note that werassw; = K), each element of which represents the
complex channel propagation gain apg = [y.,--- ,yX]7 (see Fig. 2).H,, is obtained from the matrix\, which
is defined asA = (Ix ® F;l)DFMHD,};& (Ik ® F ). The K x K block matrix A consists ofN x N diagonal
submatrices\; j, i,7 € {1,2,---, K}. The(i, j)th element offL,, is thenth diagonal element aA; ;. w, € Cna*!
is a circularly symmetric complex Gaussian noise vectohw#é#ro mean and covariance matigl ¢ R"2*"r j.e.,
w,, ~ CN(0, NoI).

With linear frequency domain equalizers, which are deglgioe each subcarrier, the signal after equalization be-
comes

z, = A, [H, B, Py,s, +w,] 2

The equalization matrid,, € CX*"% can be derived under the MMSE criterion (such tBéls,, — z,|?] is mini-

mized) as

A, =P,BIHYH,B,Rx,BIH! + Ry, (3)
whereRy ,, = E[x,xX] = P,PX andRyy,, = E[w,wZ] = NoI. Note that the matriA can also be interpreted as
a receiver beamforming matrix with each column represgrdineceiver beamvector corresponding to each transmitted

!Note that the size d of eq. (1) iSKN x 1 andz is in the time domain, whereas the sizezgfis K x 1 andz,, is in the frequency domain.



symbol. Substituting (3) into (2) and with some simple matnianipulations, we get

_ H
z, = [(Rw,+H,B,P,P,"BIH!)"'H,B,P,]" H,B,P,s, +w,]

-1
_ (1 +P,BI (R, PH,) T (R;Vf,/an)BnPn) P, B (R} 7 H,)"R,!? (H,B,Pys, + wy). (4)

The second equality of (4) follows from the fact tiiat - BD~'C)"'BD~! = A~!B(D - CA~!B)~!. Denoting

P, = R_l/ZHn, and using the Singular Value Decomposition (SV®), can be expressed as
Wn
®, =U,A, V], )

whereU,, andV,, are unitary matrices, and the columnsléf andV,, are the eigenvectors @néﬁf and <I>nH<I>n,
respectively. The singular values, ;, (i € {1,2,--- ,K}), of ®, are the diagonal entries &, and are arranged in

the descending order. To diagonalize the colored channiixb,,, we can choosB,, = V,,, Equ. (4) then becomes

2o = (I+ P,ATAP,) PATAP,s, + (I+P,ATAP,) " PATUIR Pw,. (6)

Consequently, théh symbolz,, (i) can be expressed as

2 (i) = _Pnitni (i) + —MW/H(Z)’

1) = 7
1 +pn,i>\n,i " I+ pn,i/\n,i ( )
wherew’,, (i) is theith element of the vectdd ' w,,, andp,, ; is the power of théth symbol.
The time-domain signal vector at the receiver at time irgkhvs
N-1
- 1 ;2m
zp = N eI Ny,
n=0
| N
= ¥ N ALH,B,/P,S, + W,] (8)
n=0
whereN is the number of occupied subcarriezs,c CX*1. Theith symbol ofz,, can be represented by
N-1
- . 1 i2m ok pni/\ni . \/pni)\ni/NO ;.
7 (i) = — SN ———— 5, (1) + Y — W, (1) | . 9
( ) N nZ::O <1 +pn,i/\n,i n( ) 1 +pn,i/\n,i n( ) ( )

Sinces,,(¢q) = Zﬁ;é e‘j%mném(q), wheres,, (¢) is theqth user'smth data symbol in the time domain. Alterna-

tively,



N-1 N-— N-—
ik(l) _ ig () pnz n,i Z Z pnz n,i §m( )eJQ_W(k m)n
N e 1+pnz n,i 7=0 m=0.m 1+pnz/\nz
N—
2—”nkz V Pni nz/NO /-
— W, (7). 10
NZ 1+pnz)\nz n() ( )

The first term of the right hand side of (19) represents théretbsignal, the second term is the intersymbol in-

terference from the same substream, and the third term istaltiee noise. The power of the desired signal is

then P, = |+ SN %P The total power of the received signal can be obtained frd8) GsP, ;0 =
LSV |M|2 The power of the noise iB LS N1 Pnidni
N 1+pn (3 p noise — N n=0 (1+pn z)\n L) '

In the time domain, the received SINR for tita symbol at time intervak is then-y,; = Pttl_f;ﬁ. With

some simple mathematical manipulations, we can then obtain

1
1
Vei = -1 . (11)

an n,t
NZTL 0 1+Pnz ,%

Sincey; ; is not a function ofc any more, we just denotg, ; as-;.

It can be seen that the instantaneous SINR forithauser; is completely determined b, the noise variance
Ny (implied by the®,, matrix), the number of occupied subcarrié¥sand the transmitted power matri,,. Note
that in [14], SINR expression for an open-loop SC-FDMA sygstwith frequency domain equalizer is derived for a
single antenna case. However, the SINR expressed by (1li¢appa linearly precoded MIMO system with multiple

antennas, it is therefore more general.

The maximum achievable spectrum efficiency in bits/sedénddased on Shannon’s capacity is
-1

1
r; = logy(1 +7;) = logy [ 1+ -1 . (12)

N-1 an n,i
NZ” 0 1+p7LZ 7LZ

For broadband wireless communication systems, e.g., 3@ERuplink, the total bandwidtlB is usually divided
into a number of\/ subcarriers. Among/ subcarriers)N subcarriers < M) are allocated for data transmissian.
contiguous subcarriers form a scheduling RB. Lgt ; and| I, ;| be the index set of subcarriers assigned to used
the length of the sek;,; ;, respectively. Denote b/ the total transmitted power of userAssuming that the power is
equally allocated ovefy,y, ;, thenp,, ; = Pf/][sub’i\. The maximum achievable rate in bits per second foritheiser

can then be written as



-1
Bl 1
%logz L+ | — e . (13)

G =

Above we derived the received SINR and the maximum achievaé for linearly precoded uplink SC-FDMA based
MIMO systems. In the Appendix, the received SINR for operploplink SC-FDMA MIMO systems is derived. The

open loop uplink SC-FDMA MIMO systems is served as a refezdnc the studied linearly precoded system.

[1l. SPATIAL FREQUENCY MULTIUSER SCHEDULING

For localized FDMA uplink multiuser MIMO transmissicn each SC-FDMA uplink transmission sub-frame can be
partitioned into several RBs for the convenience of mudtipser channel aware packet scheduling [3, 4]. I8,
be the index set of RBs assigned to useithin one sub-frame anrp ;| be the length, the number of total RBs in
one sub-frame i$/rp|. Then|Irp;|L = |Isu;|. Multiple contiguous RBs can be assigned to one user witha o
sub-frame.

Denote byg; the jth set of K users which are selected from the takah users in the system and kbtbe the whole

set of K’ users chosen from tot&l users,¢; € ®,Vj € {1,2,---,|®

o ()

Let us defind/;(¢) as the utility function for thgth RB.

}, where|®| is the size of®, and

The objective is to maximize the utility function by selecjithe users group with appropriate channel condition and

optimizing the set of RBs assigned to each user within on&ame. The optimization problem can be described as

lIrB|

U:
V¢€‘I>;¢:§22f,13:7vi6¢ Jz_; J(¢)7

stl:  |J UrpilL=N,

Viegp
st.2:  IMEL—TE, = 1Vk € {1,2, -+ [Tl — 1}, (14)

whereI” , . is thekth element in the sek,,;,;. The subconstraint ensures that all the available RBs are assigned to
the users inp. The subconstrair? corresponds to the localized FDMA transmission, i.e., ther wata is transmitted

by a group of consective subcarriers. Note that the aboumiggattion problem is not equivalent to maximize the utility

2In the localized FDMA transmission scheme, each user’s sateansmitted by consecutive subcarriers, while for trstriiuted FDMA
transmission scheme, the user’s data is transmitted bytdittd subcarriers [3].



function for each RB subject to the user’'s power constrdihis is because if we consider each RB independently, the
channel frequency selective fading property cannot beogepl. The frequency selective fading channel property may
make some users experience excellent channel conditiamvfoor more consective RBs. Since the power of itne
user is constrained to k&', and the power for each subcarrier is obtainepy = P/ /|Isus 4|, in the case of multiple

RBs assigned for théh user, the power for each subcarrigr; of that user is reduced.

For the multiuser MIMO scheduling scheme, the set of the Rigailsl be optimized for each user within each
transmitted sub-frame. The optimization problem can bemsarized as: amond{y users, we choos& of them
and allocate thesé& users to the available RBs to maximize the utility functidd)( The optimal solution to the
optimization problem involves a high computational comjile Therefore, low complexity suboptimal algorithms are
needed for practical implementation. In what follows, wepmse a greedy algorithm to solve the above optimization
problem. The algorithm is performed in two steps: the firgspss to schedule users for each RB, i.e., find users group
or paired users for each RB to optimize the utility functidrhe second step is to assign available RBs for the paired

users.

For the first step, we need to find the best users group for eBcARhis stage, we can maximize the utility function
for each RB. We can defing€(¢) = Zieqb C;. Maximization of this utility function is equivalent to dptization of
the total system capacity. This may result in an unfair sibma i.e., only the users with good channel conditions get

resources.

To tackle this problem, we propose a resource fair allonagilgorithm for each RB based utility function maxi-
mization. The key idea of the proposed fair resource aliopatlgorithm is to limit the users with more RBs used
in a past certain period’,;,, and give priority to those users with less transmissionthénperiod?,;,. The algo-
rithm works as follow: Letn; be the moving average of used RBs by itleuser in the past.,;, at intervalk and

af = (1 - ij)a(k_l) + ﬁlné wheres = 1 if the useri gets scheduled, otherwise= 0. We define the utility

)

function at thekth interval ad/x (¢) = X", (o, Ci), wheref (o, C;) is a function ofaj andC;. The per RB based

scheduling problem then becomes

* _ k
¢ = arg max % flak, Cy). (15)
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For comparison purpose, the Proportional Fair (PF) sciveglalgorithm [5, 15] is also investigated in this work. For

a set of K" users who share the same wireless link, a PF schedulertallthearater; for theith useri € {1,2,--- | K}

such that for any other rate allocatidi), i € {1,2,--- , K}, there eX|st§:K By ZRl < 0. In other words, some users

may perform better in terms of the relative rate with the edlecationR;, i € {1,2,--- , K}, but overall gain cannot

be achieved. Such scheduler is called a proportional faecider as it provides fairness among users in the system. It

can be shown that under the constraint of the overall capatihe shared link, the PF scheduling algorithm maximizes

S°K [ logy(R;). Itis shown in [16] that a scheduler is PF if the instantaseaie{C;} maximize>" " | [ ] where
m is the moving average of the maximum achievable rate ofisethekth time slot® over a sliding window of,,;,,

time slots.

After the best user groups for each RB are determined, wesatlyifor the second step. LﬁB,i denote the set of
RBs allocated to user groupwvith an additional adjacent RBadded into the seltzz ; within one sub-frame. Leszi
be the rate increment at time intervalhen theith user group is aIIocateLf{B’i instead oflrp ;. Then the greedy RB
allocation based on rate increment can be described asvillBirst, we pick the) best user groups for each RB in

relation to the rate increment, and add them into the auailaser group sef,, ..
Step 1. Add all availabl€) RBs into a seSgp = {1,2,--- ,Q}.

Step 2. For each RB, find the best user group in terms of theekighte increment. That is, for each user gréup
and RBqg*, find the pair

1", qf] = ar max A9 16
[ 9 QZ ] g qESRBJGSugp ki ( )

Step 3. For each user groyp, find an adjacent Ri; of ¢; from the sef{ Spp — qj} which has the maximum rate
incrementA ...

Step 4. Choose the user group and the additional adjacenaRBuwp, ¢;], which has the maximum rate increment
Azth* among all the available user groups and RBs.

Step 5. Delete the RB; from the available RB se$rp and its corresponding user grotpin the available user

group setS,,,. Repeat Step 3, 4 and 5 until all RBs get assigned.

30ne time slot corresponds one Transmit Time Interval (TTHjol is defined as the time duration for one sub-frame trassion, e.g.0.5 ms

[3].
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IV. NUMERICAL RESULTS

For the results presented in this section, we consider tHP3d E baseline antenna configuration with two receive
antennas at the eNB and one transmit antenna at the UE [16]UB#g are grouped together and synchronized to form
a virtual MIMO channel between eNB and UEs. we consider théipath fading channel. A typical urban channel
model with six paths is assumed, each path suffers from embgnt Rayleigh fading. The Ergodic fading channel
capacity [18] can be computed by averaging the instantanelmannel capacity over a large number of sub-frames. The
system bandwidth is set #)0 kHz with a subcarrier spacing @b kHz. Hence there ar&) occupied subcarriers for
full band transmission. We further assume thé8esubcarriers are arranged inconsecutive RBs per sub-frame, so
that each RB containg2 subcarriers. At each Monte-Carlo run, 100 sub-frames ad fs data transmission and the
power of each user is randomly generated to simulate theHfatusers maybe in different locations. The simulation

results are averaged over 50 Monte-Carlo run.

Fig. 3 shows the simulation results of the so called unifiddcéi’fe SINR distribution for the 3GPP LTE uplink
MIMO system. The unified effective SINR is defined as the egjant single SINR which offers the same instantaneous
(Shannon) capacity as a MIMO system with multiple stream49f The results for both open loop and closed loop
MIMO schemes, e.g., spatial division multiplexing and &n@recoding, are shown. The number of users which is
available for scheduling in the systen®is. The transmitted Signal to Noise Ratio (SNR), which is defiae the total
transmitted power of the paired users divided by the vagari¢che complex Gaussian noise, is equalta@B. Random
user Pairing Scheduling (RPS) algorithm described in [2@Iso investigated for a baseline comparison. For random
pairing scheduling, the first user is selected in a roundirédshion, while the second user is randomly selected from

the rest of the users in the system.

From Fig. 3, it can be seen that the system with linear precpiurves labeled with w.LPC in Fig. 3) has a better
SINR distribution than the one without precoding (curveselad with w.0.LPC). This observation is valid for all the
investigated scheduling algorithms. For the system widtpding, at thd 0th percentile of the post scheduled SINR,
using maximum rate sum scheduling algorithm can achievatabdB gain compared with the one using the resource
fair scheduling algorithm. The latter is abdutiB and abou6 dB better than the system with PF scheduling algorithm

and the RPS scheduling algorithm, respectively.
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Compared with the open loop spatial division multiplexingMD scheme, about dB precoding gain can be
achieved by using RPS, and approximatélgB gain for both the proposed resource fair scheduling @hgorand

the PF algorithm. For the maximum rate sum scheduling dlgorithe precoding gain is abosidB.

Fig. 4 shows the simulation results for the maximum achikevadte in bits/second versus the number of available
users for the open loop and the closed loop uplink MIMO withags scheduling algorithms, respectively. The trans-
mitted SNR is20 dB. It can be seen that as the number of users increases, theseudiversity gain can be achieved
for all the investigated systems except the one with the R@g8itlhm. This observation is valid for both open loop and
closed loop uplink MIMO. The reason is that those non-rang@ming schedulers have more freedom to choose the
Ms with good channel condition and multiuser diversity damstbe exploited. Compared with the open loop MIMO,
the multiuser diversity gain for closed loop MIMO is small&ihis can be explained by the fact that the diversity gain
is already exploited by precoding, additional diversityngabtained by multiuser MIMO cannot contribute too much in

this case.

In terms of the fairness, we can look at the outage probisilibf these different algorithms. Here, the outage
probability is defined as the the probability that the usée date is less than a certain value. It is obtained by comguiti
the ratio of the number of users whose data rates are loweraltrtain value divided by the total number of users
in the system. Throughout the simulations, the predetedhiralue is set t0.01. The simulation results are shown
in Fig. 5 for both the open loop and the closed loop uplink MIM®r all the simulations, zero outage probabilities
of PF scheduling for both the open loop and the closed loomkiplIMO has been observed, which means that the
PF scheduling provides fairness for both schemes. The pegp@source fair scheduling algorithm has slightly worse
outage probability performance compared with PF scheduliFor both the open loop and closed loop systems, the
max sum rate scheduling algorithm has the worst performantarms of the outage probability. This is because the
maximum rate sum algorithm always chooses the users withdbd channel conditions, the users with poor channel

quality have less opportunities to be scheduled.

Interestingly, compared with the open loop uplink MIMO, ttlesed loop uplink MIMO has better outage probability
performance for the maximum rate sum scheduling algoritfiims is because for the maximum rate sum algorithm,

precoding can increase the channel capacity between th& gesup and the eNB, it can make the user selection more
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diverse, therefore, the outage probability can be improved

V. CONCLUSION

In this work, we derived an analytical expression of the inazk SINR for SC-FDMA based uplink MIMO system
with linear precoding, and proposed a channel-aware stibvapspatial frequency scheduling algorithm. The SINR
distribution and the maximum achievable rate per RB for §stesn with different multiuser scheduling algorithms
were investigated. Compared with the open loop uplink MIMGtem with SC-FDMA, linear precoding can improve
the system performance in terms of the SINR and the maximineble sum rate. Compared with RPS, all the other
investigated scheduling algorithms yield better SINRrthstion and can achieve multiuser diversity gain. The Itesu
presented in this paper are obtained under the assumptbpéifect Channel State Information (CSl) at the UEs is
available. Further works considering limited CSI, packeigth, queuing, etc. will be the future research topicsHer t
authors.

APPENDIX

Derivation of the received SNR for open loop SC-FDMA MIMO Systems

In this section, we will derive the received SINR for opendagplink SC-FDMA based MIMO systems. The open
loop system model is similar to the linearly precoded systemlel described by Figsl and2, the difference is that
the precoding matrix is removed in the open loop system. Withuency domain equalizers, which are designed for
each subcarrier, the signal after the equalizer is tagn= ¥, [H,x,, + W,], whereH,, is thenp x K complex
channel matrix with each element Hf,, representing the complex channel propagation gHip.is obtained from the
matrix A, which is defined ad = (Ix ® F,;l)DFMHD];lf/I (Ik ® F ). AlisaK x K block matrix with the(z, j)th
submatrixA; j, i,j € {1,2,--- ,K}. AjjisaN x N diagonal matrix. Théi, j)th element ofl,, is thenth diagonal
value ofA; ;. x, is the transmitted data symbols from theusers at thesth subcarrier and whens,, € Ccrr*lis a
circularly symmetric complex Gaussian noise vector wittozaean and covariance matiI € R"2*"r_ x,, can be
further expressed as, = P, - s,, whereP,, :diag{\/m, VP2 ’\/W} isaK x K diagonal matrix ang,, ;

(i € {1,2,---,K})is the transmitted power for théh user at thexth subcarriers, € CX*! represents the transmitted

data symbol vector from different users witis, s/ | = Ix.

The frequency domain equalization matiix, € C**X can be obtained by using the Minimum Mean Squared Error
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(MMSE) criterion such thafZ[|s, — ¢,,|%] is the minimum. By taking the partial derivative of the meaunare error
with respect toPZ. The Linear MMSE (LMMSE) equalizer matrix is theh,, = R, ,HY [H,R, ,HY + R,, ]!,
whereR, , = E[x,x] = P,PH andR,,, = E[w,wf] = NyIk. The signal vector detected at the receiver in the

time domain at time intervat can be expressed as
- Z TN [H, P S, + W] (17)

where@, € CK*! andN is the number of occupied subcarriers.

The signal vector detected at the receiver in the time domtiime intervalk can be expressed as (17). &} =

v, H,, then theith symbol ofy, can be represented by

K
= —Ze’ ”’f{Zm JigSn(@) + > [@nligWal(a)}, (18)

q=1

where the(n, k) element of a matriA is represented bjA |,

Sinces, (q) = 2 (l)e‘ﬂ N8, (q), wheres,, (q) is themth data symbol in the time domain of usgerThen,

1. 1 N-1 N-1 1 K N—-1N-1
Qbk(l) = _Sk Z \/pnz ni,i"‘ﬁ Z Z \/pn,i[ﬂn zzsm( )ejN Z
n=0 m=0 m?ék qzl,q;ﬁz n=0 m=0
ej%r(k—m)n Pralnligdn (@) + — Z ejwnk Z Ji.qWn(q (19)

The first term of the right hand side of (19) represents theived desired signal, the second term is the intersymbol
interferences from the same substream, the third term imtederence from the other substreams, and the fourth one

is the noise.
The power of the received desired signal is tlign= \N ZN ! P i i

The total power of the received signal can be obtained frdsi, (1

1 N-1 K
Piotal = N pn,q| ,q| (20)
n=0 g=1
The power of the noise is
N-1 K N-1
N N
nozse - ]\;] | ,q|2 0 Z[\I’nq’nH]z,z (21)
n=0 g=1 n=0
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The received SINR for th&gh symbol at time intervat is then

N-1 K
P, 2 n=0 {Zq=1 Prgl[Qn]igl + No[‘I’n‘I’f]z‘,z‘} , 22)
ki e e — .
ki Ptotal - Ps + Pnoise %‘ 21];7:_01 pn,i[ﬂn]i,i‘z

It can be seeny, ; is not a function ofk, thus we can denote it by;. Since both2,, and ¥, are a function of the
nth subcarrier channel matrid,,, ~; is completely determined bH.,,, the noise variancé/,, the number of occupied

subcarriersV and the transmitted power mati,. ~; represents the instantaneous SINR foritheuser.
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