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Abstract

This letter derives mathematical expressions for the vedesignal-to-interference-plus-noise ratio (SINR) ofinip Single
Carrier (SC) Frequency Division Multiple Access (FDMA) rtiuser MIMO systems. An improved frequency domain receiver
algorithm is derived for the studied systems, and is showetsignificantly superior to the conventional linear MMSEdxA
receiver in terms of SINR and bit error rate (BER) perforn@anc
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. INTRODUCTION

Single Carrier (SC) Frequency Division Multiple Access (#R) techniques for uplink transmission have attracted
appreciable attention because of its low Peak to AverageeP&atio (PAPR) property compared with competitive
Orthogonal FDMA (OFDMA) techniques [1-3]. In 3GPP Long Tefwolution (LTE) (also known as Evolved-UMTS
Terrestrial Radio Access (E-UTRA or EUTRA)), SC-FDMA hashedopted for uplink transmission, whereas the
OFDMA signaling format has been exploited for the downlirdnsmission [4]. The SC-FDMA signal can be obtained
using Discrete Fourier Transform (DFT) spread OFDMA, whBFfeT is applied to convert time domain input data
symbols to the frequency domain before feeding them into BBKJA modulator.

From user capacity point of view, MIMO technique is prefdrdre to its capacity enhancement ability. For wide
band wireless transmission systems, e.g., LTE OFDMA daowréind SC-FDMA uplink [5, 6], to simply scheduling
task, several consecutive subcarriers are usually grotgagdher for scheduling. A basic scheduling unit is called a
Resource Block (RB). The scheduler in a Base Station (BS) asaign single or multiple RBs to a Mobile Station

(MS).



Two MIMO schemes for SC-FDMA uplink transmission are beingeistigated under 3GPP LTE, namely, multi-
user MIMO and single user MIMO. For a single user MIMO, the Bfyaschedules one single user into one RB. For
a multi-user MIMO, multiple MSs are allowed to transmit sitaneously on a RB. This paper investigates receiver
algorithms for a SC-FDMA based uplink in a multi-user MIMGstgm. The novelties of this paper are the derivation of
the received Signal to Interference plus Noise Ratio (SI&R) the proposal of an improved frequency domain receiver

algorithm.

Notations: we use upper bold-face letters to representiceatand vectors. Thén, k) element of a matrixA
is represented byA], » and thenth element of a vectob is denoted by{b],,. Superscripty-)”, (-)7 denote the

Hermitian transpose and transpose, respectiyelyydenotes conjugate.

II. SYSTEM MODEL

The cellular multiple access system under studyshaseceive antennas at the BS and a single transmit antenna at
theith user terminal; = 1,2, - - - , K7 whereKr is the total number of users in the system. We consider tha-omer
MIMO case withK (K < Kr) users being served at each time slot &&= nr. The system model for a SC-FDMA
based MIMO transmitter and receiver is shown in Figs. 1 and®pectively. On the transmitter side, the user data
block containingV symbols is firstly transformed by/s point DFT to a frequency domain representation. The outputs
are then mapped td/ (M > N) orthogonal subcarriers followed by point Inverse Fast Fourier Transform (IFFT)
to convert to a time domain complex signal sequence. A CRodix (CP) is inserted into the signal sequence before it
is passed to the Radio Frequency (RF) module. On the recsderthe opposite operating procedures are performed
after the noisy signals are received by the receive anterdsIMO Frequency Domain Equalizer (FDE) is applied
to the frequency domain signals after subcarrier demapasghown in Fig. 2. For simplicity, we employ a linear
Minimum Mean Squared Error (MMSE) receiver, which providegood tradeoff between the noise enhancement and

the multiple stream interference mitigation [7].

In the following, we leDy,, = Ix ® F); and denote b¥ ; the M x M Fourier matrix with the elemenF 1], , =

exp(—j%(m—l)(k:—l)) wherek, m € {1,--- , M} is the sample number and the frequency tone number, regggcti

Here ® is the Kronecker productli is the K dimension identity matrix. We denote @g;ﬁ the KM x KM



3
dimension inverse Fourier matrix definedlas® F}, andF}/ is theM x M inverse Fourier matrix with the element
[Fyf lmk = 37 exp(i37 (m — 1)(k — 1)). Dp,, andDg! are defined in the similar way d3,, andDg! with the
only difference in the matrix size. Furthermore, wefet represent the subcarrier mapping matrix of sizex N and
F -1 is the subcarrier demapping matrix of siXex M.

The received signal after the RF module and removing CP besom= ﬁDE;(IK ® F n)DppyX + W, where
x =[x}, ,xE]T € CKN*1 s the data sequence of &l users, an&k; € CV*1,i € {1,--- , K}, is the transmitted
user data block for théth user;,w € CM"rx1 is a circularly symmetric complex Gaussian noise vectohwéiro mean

and covariance matrivyI € RMmrxMnr je v ~ CN (0, NoI); His anngM x KM channel matrix.

With the MIMO FDE, the output time domain signal is given by

z = Dyl AM(Ik ®F,")Dpy,t =Dyl A(Ix @ F ;" )Dry, (HDg! (Ik ® F n)Dpy X+ W)

= Dyl A"(HDp X +w) = Dglz, (1)

whereA is aK N x K N equalization matrix anl = (Ik®F ,,')Dr, HDg! (Ik @ F ) € CENXEN; w ¢ CraNxt
is a circularly symmetric complex Gaussian noise vectohwéro mean and covariance matigxIl € R7zN>xnrN
i.e.,w ~ CN(0, NoI).

In the frequency domairz, = A7 [HDg X +W], wherex can be expressed &s= P -§, wheres = 57 ---5%]7 and
§; € {CVN*1}, i € {1,2,--- , K}, is the user data block for théh user, ands[s;s}] = Iy. The power loading matrix
P € REN*EN s a block diagonal matrix with itéth sub-matrix expressed 8 =diag{,/pi 1, \/Piz:" > /DiN} €
RN*N andp;, (i € {1,2,---,K}) is the transmitted power for thah user at theath subcarrier;s € CKNx1
represents the transmitted data symbol vector from diftansers with?[&] = Ix .

In the frequency domain, the received signal can be expiesse

r = HPs+w=HPDpgs +w, 2)

wheres = D, s is the transmitted signal in the frequency domain.

We apply the FDE matribA on r to obtain the equalized signal= A”'r, whereA in the conventional system is
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derived from the cost functioa = E|[||z — s||?] = E[||A*r — s||?]. Minimizing this cost function leads to the optimal

matrix of A as

A = (HPP"'H™ + N,I)"'HP. (3)

1. | MPROVED FREQUENCY DOMAIN RECEIVER ALGORITHM

In the previous section, we investigated conventionaklindMSE receiver for the SC-FDMA based uplink MIMO
system. It is optimum for systems with proper modulationghsasM -QAM and M-PSK (for WhiChE[éiéiT] = 0).
However, for the improper modulation schemes, suctifaary ASK, OQPSK (for WhiChE[éiéiT] =1 # 0), the
conventional solution becomes suboptimum as will becomeeav later on. In (2), let us assundg ¢ CVN*! is
an improper signal vector, satisfying the conditipf§;s7 | = E[8;5)] = Iy. SinceE[s;s!{] = DrE[5;8/Y|D% =
DrD% = Iy,E[sis? | = DrE[§:57 ]DZ = DrDZ # 0, we can conclude thag is also an improper signal vector.
In order to utilize the improperness gfwe need to apply widely linear processing [8, 9], the ppteiof which is not

only to process, but also its conjugated versiaii in order to derive the filter output, i.e.,
z=(r+nrt = Qy, (4)

H T
whereQ) = {C ,,7] andy = [r r*] . It is worth noticing that the conventional linear MMSE rieg is a special

case of the one expressed by (4), widea A’ andn = 0. The cost function for deriving the new filter is defined by

eVt = B[|Q"y — s|°] = E[(Q"y - 5)(y"'2 — sT)];

= Q"Cyy Q2 - QMCys — Ciy 2 + I, (5)
where

r
Cyy = E{yyH} =E [rH rT] = ) (6)
r’ Cir Ci



and

C.r = E{rr"'} = E{(HPs + w)(s"P"H" + w’)} = HP E[ss""|P""H" + NoI = HPP"H" + NI

Crr = E{rr” } = E{(HPs + w)(s"P"H” + w”)} = HPE[ss” |P"H” = HPD;D}P"H,

r rs’t HP E[ss"] HPD ;D% HP
CyS = E{ySH} frd E SH sl E = el =

r* r*sM H*P E[s*s™] H*P(DrDZL)* H*P(DrDZL)*
Cey = E[sy’"] = E{S 't 7 } = [E{SSH}PHHH E{ss” \PTH? ] = {PHHH D DZP7HT |- @)

Differentiating e V™ in (5) with respect tof2 results ina% = (Cyy Q)" — CZ-y, which is set to zero to yield the

optimum vector ot

-1

U HPP"H" + NoI  HPD;D{P”H” HP
Q=C, Cll =C, Cys = )

H*P*DL.DYP"H" H*P*PTH? + NoI H*P(DrD%)*

For the proposed FDE, the augmented autocorrelation m@tyjxand crosscorrelation matrix, s expressed in (7)
which give a complete second order description of the recesignal are used for deriving the filter coefficient ma-
trix €; whereas for the conventional linear MMSE algorithm, thefioient matrix A is calculated using only the
autocorrelation of the observatidd,, = E[rr’!] and the crosscorrelatioB',.s = E[rs™]. The pseudo-autocorrelation

C.r = E[rr”] and pseudo-crosscorrelati@iys = E[rs’] are implicitly assumed to be zero, leading to sub-optimum

solutions.

V. PERFORMANCEANALYSIS
A. SINR expression for conventional FDE

The signal vector detected at the receiver in the time doeirbe expressed as

z =Dyl A"(HDpyX + W) = D! A7 (HPs + w). (9)



LetB = A"HP, A andB can be expressed as

Air A 0 Ak By1 Bi2z -+ Bik
Az Az - Aok B2; Baz - Bak

A= ; B= ; (10)
Axi Ak2 -+ Akk Bk:i Bk2 -+ Bkxk

whereA;; € CV*¥ is the equalization matrix between tfih transmitter and théth receiver antennaB;; is defined
similarly. The signal vector detected at the receiver ferith user,; € {1,2,--- , K}, in the time domain can be
expressed as
K K
zi= » Fy'ByFys +Fy'ByFnsi+ Y FylA; w;. (11)

j=1,j#i =1

Thekth symbol,k € {1,2,--- , N}, of z; can be expressed as

N
zi(k) = Fy'(k,)BuFn(,k)8:(k) + D> Fy'(k)BuFn(:,1)5:())
J=Lj#k

K K
+ Z F]_Vl(k?, I)BijFNéj + Z F]_Vl(k?, I)Aijo. (12)
J=1,j#i J=1

The first term on the right hand side of (12) represents thieatksignal, the second term is the intersymbol interfer-
ences from the same substream, the third term is the indaderfrom the other substreams, and the fourth one is the
noise. The power of the received desired signal is tReik) = F' (k,:)BuFn(:, k)Fn(:, k) BEFL (K, ). The

total power of the received signal can be expressed as,

K
Pi(k) =Y Fy'(k,:)ByBIFL! (k)" (13)
j=1
The power of the noise is
K
Pi(k) = No Y Fy'(k, ) Aj AIF L (B, )™ (14)



The received SINR for thgth symbol of theith user is thus

-1

: Pi(k) + Pi(k)
R
Py(k)
_ _ _ _ -1
_ S FN (k) By BEF L (k, )" + No o0 By (b, ) A AT (k) . 1s)
F]_Vl(kv )BZZFN(>]€)FN(71{7)HBZ;{F]_V1(]€>)H .

B. SNR expression for improved FDE

With the improved FDE, the frequency domain signal is givgn4) asz = (r + nr*. The corresponding time

domain representation is

z = Dglz=Dg! (((HPs+w)+n(HPs +w)")

= Dgl (C(HPDfS 4+ w) + n(HPD£S + w)*) (16)

Let C = (HP andQ = nH*P and decompos€ andQ into the block matrice€;; andQ;;, respectively, in the

similar way as for decomposing matri (see eq. (10) ). The time domain received signal forithaiser is then

K K K K
zi= » FyCyFnNs+FCiFnsi+Y Fy'¢wi+ Y FyQuFag +F'QuFRs + > Fyln,w;

J=1,j#i Jj=1 Jj=1,j#i Jj=1
(17)
The kth symbol ofz; can be expressed as
N
+ Z Fy' (k) (CuFn(:,0)8 () + QuF N (s, 4)*8:(5))
j=1,j#k
K K
+ > B (k) (CyFNS; + QuFRS)) + Y FR (k) (Cyw, + myw)) (18)
j=Lj#i =1

The first term on the right hand side of (18) represents thieatksignal, the second term is the intersymbol interfezenc

from the same substream, the third term is the interferemea the other substreams, and the fourth one is the noise.
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The power of the received desired signal is then

Pi(k) = F(k,)CuFN(, E)FNGE)TCEF (k)™ + Fy' (k, )QuF N (, k) [Fa(, k) P QEF (K, )™

+ FR(k,)QuF NG k) Fn(, k) TCHFY (k)™ + Fy (k) CuF N, k) F (k)T QIR (K, 1) ™.(19)

Eq. (19) holds sincg&[s; (k)*s; (k)] = E[8;(k)s;(k)7] = Iy for improper signal vectas; (k).
The total power of the received signal can be expressed as

K K
Pi(k) = ED_Fy'(k:)(CiFns; + QiF33;) ) Fy' (k) (CiyFns; + Qi F3s)))
j=1 j=1

= Y Fy'(k)(CyCll+ Q;Qff + Qi FAFNCH + CyFNFLQINF L (k). (20)
j=1

The power of the noise is

K
NOZF (¢ ¢+ mynFR (k)™ 4+ Y Fr (k) (g BIWiwiCT + Gy Blwyw] In[)FR! (k)"
j=1
- NOZF CZQCU +772j771j)F (kv :)H' (21)
The second equality in (21) follows from the fact thﬁlw;wj | = Elw;w ] = 0. The received SINR for théh

symbol at time intervak is then

-1

Pik)+ i) 17 2)

’Yiimp(k) = Pé(k)

whereP:(k), P{(k) and P} (k) are given by (19), (20) and (21), respectively.

Note that in [10], SINR expression for SC-FDMA with linear MM frequency domain receiver was derived for
single antenna case. The analysis derived in this papermstiiple antennas and can be considered as a generatizatio
of the one derived in [10] for the conventional receiver al asfor the newly proposed receiver for SC-FDMA systems

employing improper signals.



V. ANALYTICAL AND SIMULATION RESULTS

We consider 3GPP LTE baseline antenna configuration, inlwio MSs are grouped together and synchronized to
form a virtual MIMO channel between BS and MSs. The chanrmihfacoefficients are assumed to be highly correlated
within one sub-frame and are independent among differdnfreumes. The entries of the channel matrix are modeled
as independent identically distributed (i.i.d) complexu&sian samples, with,% as the variance for theth column of
the channel matrix, anef? is uniformly distributed in0, 1]. The different variance in each column reflects the vaniatio
in average power gains between different users. The blaek ¢fi the user data i¥2, which is also the number of

subcarriers in a resource block.

Fig. 3 shows the BER performance comparison between theentional and the improved receivers f8#AM and
OQPSK systems. The improved receiver scheme significantlyeoforms its conventional counterpart, especially at
high SNRs. The gap can be over 10 dB. The plot for QPSK systeimtive conventional receiver is also provided
for a baseline comparison. Although its performance is sapé& the 4PAM system with the conventional receiver,

however, it is much inferior to th 4PAM system with the impedwreceiver.

Fig. 4 shows the analytical results of the SINR distributidrihe 4PAM and QPSK systems with both the conven-
tional linear MMSE and the improved receiver when the trattech SNR is equal t@0 dB. The curves are obtained by
evaluating Egs. (15) and (22) derived in Section IV. One @mnthat the SINR distribution of thHPAM system with
improved receiver is significantly better than the 4PAM areiSBl systems with conventional MMSE equalizer. Both
BER and SINR performance analyses justify the use of imprsjgmals in conjunction with the proposed frequency

domain receiver algorithm in LTE SC-FDMA based uplink MIM§sgems.

VI. CONCLUSION

In this correspondence, we derived an improved frequenoyaitoreceiver algorithm for the SC-FDMA based uplink
MIMO system with improper signal constellation. Matheroatiexpressions of the received SINR for the studied
MIMO systems have been derived. Both simulation and arwallytesults reveal that the proposed scheme has superior
BER and SINR performance to the conventional linear MMSEeikex for SC-FDMA MIMO uplink systems. This

work provides a valuable reference for the future versiothefLTE standard and a useful source of information for the
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practical implementation of the LTE systems.
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Fig. 3. BER performance for SC-FDMA uplink 2 by 2 MIMO systentiwconventional MMSE equalizer and the improved FDE
equalizer.
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Fig. 4. SINR distribution for SC-FDMA uplink 2 by 2 MIMO systewith conventional MMSE equalizer and the improved FDE
equalizer.



