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ABSTRACT decisions. When incorrect decisions are made, DFEs behave

There is considerable interest in the use of Single Carrier F PCOrly due to error propagation. In order to overcome these
quency Division Multiple Access (SC-FDMA) as the uplink shortcomings alternative schemes have been proposed. STHP i

transmission scheme in the 3GPP Long Term Evolution starf &fféctive way to account for the error propagation pnoble
dard. In this paper a pre-DFT time-domain implementation of? & DFE since its feedback filter is implemented at the trans-
Tomlinson-Harashima Precoding (THP) for uplink SC-FDMA Mitter and is thus error free [4]- [5]. The dynamic range @& th

is proposed. We demonstrate how precoding the uplink tran#)_recoded waveform increases in the presence of deep channe

mission is an alternative signal processing technique tmleq 2des [7]. To reduce this problem THP is implemented with
ization in order to combat the frequency selective nature of Mmodulo operator. Since the operation of THP is tightly con-

the propagation channel. We investigate the BER performand'€cted to the modulated signal constellation, and sinceahs-
and PAPR characteristics of the precoded SC-FDMA waveforrfi'itted SC-FDMA signal does not have a distinct consteligtio
for ZF and MMSE criterion. Results reported here show thatVe Propose a pre-DFT implementation of THP in this paper.

MMSE-THP offers a gain of 3-4 dB in SNR over a DFE with __ T1iS paper is organized as follows. In section 2 the SC-
ideal feedback and approaches the matched filter bound FDMA transmission model is provided followed by an overview
) of the pre-DFT THP in section 3. In section 4 we derive the

coefficients of the pre-DFT implementations of THP. SecBon

1. INTRODUCTION presents a comparison between the Complementary Cuneulativ
The significant expansion seen in mobile and cellular tekhnoDensity Function (CCDF) of the PAPR for each scheme as well
ogy over the last two decades is a direct result of the inereass it BER performance. Conclusions are presented in se@tion
ing demand for high data rate transmissions over bandwidth
and power limited wireless channels. This requirement fgin h 2 SC-FDMA SYSTEM MODEL
data rates results in significant inter-symbol interfeee(iSI)
for single carrier systems, and thereby requires the usebofst ~ Figure 1 shows the structure of the uplink SC-FDMA system
coding and powerful signal processing techniques in order tconsidered in this paper. The variables in Figure 1 are difine
overcome the time and frequency selective natures of the proin this section.
agation channel. In recent years Orthogonal Frequency Divi
sion Multiplexing (OFDM) has been proposed for a range of
future standards [1]. This trend has occurred since OFDM of-
fers high performance and low terminal complexity for higttad
rate transmissions over bandwidth and power limited wazle
channels. Particular examples include the physical laf/eigh
performance Wireless Local Area Networks (WLANS), such as
the 802.11 family of standards [1]. For short range devides,

RF/DAC

spite the high peak-to-average power ratio (PAPR) of the FD & R o
signal [1], OFDM solutions are more common than their single ;g g o D 3
carrier counterparts. £ g =

A working assumption in the 3GPP LTE standard is the use =
of Orthogonal Frequency Division Multiple Access (OFDMA) SC-FDMA Receiver
on the downlink and SC-FDMA on the uplink [6]. This is ) )
justified by the inherent single carrier structure of SC-FOM Figure 1: Transmitter structure for SC-FDMA.

which results in reduced sensitivity to phase noise and arlow

Peak-to-Average Power Ratio (PAPR) compared to Orthogonal = For thei-th user, and for each block M data sample()

Frequency Division Multiple Access (OFDMA). This, conse- ith el o) the t it th divt

quently, makes it more attractive for low cost devices wiitf-| with elementsi, the transmitter maps the correspc;ig\ 9

ited transmit power. SC-FDMA can be considered as an exrequency components of the block{" with elementsX,’, re-

tension of Single-Carrier Frequency Domain Equalizati®@{ sulting from anM—point DFT of the data samples, onto a set

FDE) [2], with a flexibility in resource allocation. of M active sub-carriers selected from a totaNosub-carriers,
SC-FDMA can be used with a range of single carrier FrewhereN = QM andQ is the number of resource units. We de-

quency Domain Equalization (FDE) techniques to combat th@oteW; as the set of sub-carriers occupied by ithle user. The

frequency selective nature of the transmission channees@h remainingN — M sub-carriers are in-active since they are used

include frequency-domain Linear Equalization (LE), Demis by other uplink users.

Feedback Equalization (DFE) and the more recent Turbo Equa¥Ve denote the sub-carrier mapping transform matrix foii-ttne

ization [3]. Decision Feedback Equalization (DFE) offefses-  user byD;. D; satisfies:

formance that is superior to that of conventional LE because

of its ability to cancel precursor echoes without noise echa DTD = 1M j=i 1

ment. These equalizers are required to produce instanianeo 2170 Oxm | #i @
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The sub-carrier mapping produc&éi) —pix®. xVis pro-

[N

cessed by th&l-point Inverse DFT (IDFT) to produce the time-
domain transmitted signé{(') with eIementsi(n'). The SC- 0sY
FDMA transmitted signal can be represented by: .
s 08
%) = CFy D Fpx® @) :
§ o H
whereFﬁ1 andFy, are theN-point IDFT andM-point DFT ma- g
trix respectively.C represents the CP insertion matrix. 5 o8l
The received signaﬂ) at timen for the SC-FDMA system oper- ? osl |
ating in a multipath fading channel corrupted by Additive ¥&hi W —— Resource Block N° 1
Gaussian Noisay, with variances?, is given by: oaf o :EZZZEEZ Block 2/
) L ) ) —<— Resource Block N° 4
rw = kgo hkxnllkerg]I ) 3) 1 2 3 4 16 Tgisp 120 122 124 127 128

After removing the CP at the receiver, the received sigfial
can be described as:

r = Hx® 4wl
= Fy'HRNFDiFMx®) 4wl (4)
S FﬁlﬁDiFMX(') +w®

Figure 2: Energy Concentration Metric for the Equivalena@h
nel under L-FDMA

3. PRE-DFT THP

. . L Here we consider the Tomlinson-Harashima precoder cordbine
whereH is a circulant channel matriw is a column vector i single-carrier Frequency-Domain Equalization (SDEJ
containing complex AWGN noise samples, dtids a diagonal {5 hjink SC-FDMA. THP is an effective way to account for
matrix whose entries are generated fromihpoint DFT of the  q error propagation problem in the DFE, since the feedback
channel .|mpulse response. The received data samples are thﬁ’ter can be implemented at the transmitter. As shown in equa
given by: tion (8), the THP filtering can be applied directly to the data
g0 — Fl\—ﬂlD_T Fnr @ samples<n.. We re.fer to t.his schem.e as the pre—DlFT THP.since
B FlefTﬁDF 0w — H'x() (5)  the THP filtering is applied to the input of thd-point DFT in
M ™ - the SC-FDMA transmitter. The structure of the pre-DFT THP
wherew' is the effective additive noise after receiver processindS Shown in Figure 3(a). The operation of the TH-Precoder is
with samples: described in [4]- [5]. The pre-DFT THP consists offdgorder
feedback filter, a modulo operator at the transmitter antlan
N-1 jomtk \ _jormk tap frequency-domain equalizer at the receiver with wei(it
Wi =M > Z)Wne Njem () The length of the THP filtery, is set to match the length of
ket \n= the resultant channel memory. Since the complexity of th® TH
H’ is a circulant matrix of the resultant channel impulse betwe Egll;rtr:at:jetrootfhgorm?r!%xe rmol;‘"g)pll}l;atslgrtlisngﬂd Cothlixvﬁﬁ?gths)
the transmit and received SC-FDMA data symbols. This resul- - ORI = VT
tant channel impulse can be obtained by co)rlwverting the etannin @ highly complex precoder, which is not desirable for user
frequency response on theh user's sub-carriers to the time- termlnc;:lls. We will assume that the length of the THP filter is
domain: b= L.
L . A? a result of precoding 'thlf (?cynarr’?ic rar|1ge of the p(ecoded
| ok | ioplk waveform increases, especially for channels experieraaegp
=y Z (Z hne™ 1 ) e, 1 =0, M=1 () fades. This increases the PAPR of the transmitted waveform.

ki An=0 In order to overcome this limitation the THP is implemented
we can therefore write equation (5) as: with a modulo device. The modulo operation aims to reduce the
M—1 dynamic range of the precoded waveform, regardless of the pr
s — hl/xrq)l W, (8)  coder’s coefficients. For ak2-QAM constellation, the output
,;) B of the modulo operation is:

This shows that the equivalent channel response spanstthe en O(z) 1| . O(z) 1
block of M data samples and this is a result of the energy leakage Xn=2—2K {ZK + ZJ —Jj2K {ZK + ZJ 9)
from the combined transmitter and receiver DFT processing.

In order to illustrate the energy leakage of the equivalenfyhere (o) and O (s) denote the real and imaginary parts re-
channel impulse response, we calculate the percentage efith - gpectively.| o] denotes the flooring operation.
ergy concentration in the firét taps of the equivalent channel. The precoder’s output is given by:
Figure 2 shows the energy concentration metric of the equiva

lent channel for four different resource units with LocallzSC- Np
FDMA processing of a typical 16-tap non line-of-sight urban Yn=X1— ) Dmyn-m (10)
channel generated from the Spatial Channel Model (SCM) [9]. m=1

The total number of sub-carriersi&=512 and it was assumed
that each user occupi@#d=128 sub-carriers. As can be seen,
for each resource block more than 80% of the energly a$
concentrated in the first four taps, whereas most of the grigrg
concentrated in the last two taps. This means that, indeed, t Np
receiver processing results in time domain leakage of ta@-h X = <1+ )3 bne—12n§?> Yi = BuYi (11)
nel impulse response. =

where theK?-QAM symbol x, is the precoder’s input ani,
are the filter coefficients. If we re-arrange both sides ob¢igu
(10) and take th#1-point DFT of both sides of this equation we
obtain:
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by Gk, R« andW respectivelyw, is the filtered noise at the out-
put of the FDE. Combining equations (11) and (15) produces:

[(GiHy — Bio) Yie+ X €279 4 i,

S (GeHc—BYe?™ 1%, (16)
keW,

=Vn

(b) — THP Equivalent Structure The error sequence of the pre-DFT THR= X, — X, wherev,
is the residual interference in the current symbol decisidrs
Figure 3: Tomlinson-Harashima Precoder shows that the output of the FDE is composed of the filtered
noisew, from the FDE, and the residual interference as a result
of the precoderd, = v, + W), which is demonstrated in Figure

whereBy = (1+ zﬁil bne*jznrkv?). The precoder’s outpytcan 3(b).
be expressed in matrix form as: 41 ZF preDFT THP
"1 0 - 0 b - b The impulse response of the cascade of the discrete-timre cha
L 1 nel impulse response and the feedforward equalizer isvthe
by .o . T Tl point IDFT of the product oHg andGy, as shown in equation
(16), i.e:
.1 0 -+ 0 b B
X=|b - b1 0 - 0 )y=By (12) un:$ (GH) 2™ n=0... Ny (17)
0o . i b 1 : KEW,
c . b, . .0 Under the Zero Forcing (ZF) criterion, from [7] and [8], aiki
L 0O -~ 0 b, -+ bp 1 | terference must be cancelled by the THP. As a result, the pre-

coder’s coefficients under the ZF criterion must be choseh su

whereB is a circulant matrix. Combining equations (2) and (12)1atPn = un. From equation (17), the coefficients of the FDE

leads to: must satisfy:
__ Ny ) Np )
y=B'x=Px (13) Gr= - Z)une‘lz"ﬁ N )3 bye 127W (18)
H n= Hi n=1

whereP is the precoding matrix. Since the inverse of a circu-_ o )
lant matrix is a circulant matrix, the pre- and post- muitigé ~ This means that the coefficients can be chosen freely, which
tion of P by theM-point DFT and IDFT matrices, respectively, leads to computing the coefficier® andb,. Here we choose
produced, a diagonal matrix containing the eigenvaluegpf the coefficientGy such that the power of the filtered noise is

which are the DFT of the first row: minimized. T N
Let b = [by,---,by,| . From [8], the precoder’s coefficients
y= (F,\]lrlFM) X (14) satisfyAb = —a, where:
M—1 o jorkl=m M—1 j2rkn
4. THP COEFFICIENTS Al = S Mg Ly e
m,| — 2 m — 2
k=0 |Hk,k| k=0 |Hk,k|

The transmitter requires full knowledge of the uplink chalrin

order to perform precoding. For TDD systems, as long as the — : [

time slot duration of the combined uplink and downlink trans !vr;ereligkl\zepresents thi-th entry on the diagonal ¢f. with

mission is less than the coherence time of the time-vanadg f ~ = m 1= No

ing channel, the channel coefficients can be calculatedeat t

BS during the uplink transmission and sent back to the rurlh'2 MMSE pre-DFT THP

unit. Thus, in this paper we assume that channel estimagion Under the MMSE criterion the coefficients of the FDE and pre-

performed at the BS, where the mean of the wideband channepder are chosen such that the sum of the power of the filtered

is normalized to unity and the channel information is serkba noise, and the power of the residual interference are magichi

to the mobile unit. The cost function of the pre-DFT THP under the MMSE crite-
The derivation of the THP coefficient calculation is givenrion is:

in [8]. The length of the precoder filter is set to match theyten

of the channel memory to ensure that all the ISI from the pre-  Juwse = E [IlenHz} =E [(Vn+v~\/n) (Vn+Wn)H} (19)
vious symbols are cancelled. The output of frequency-domai
equalizer (FDE) at the receiver is given by: whereE [e] denotes the expectation operator. Under the orthog-

onality principle, the precoder’s output and the noise damp

o 1 jorrkn | lated and therefdEgdv,Wh| = 0. As shown in [8]
_ jom are uncorrelated a Wi ,
*n = M keZlP- GrHicYiee' ™ 4 W (15) the FDE coefficients satisfy:

. . . Hg Bk
where thek-th sub-carrier of the frequency-domain equalizer Gk = — Q7 (20)
weights, the received signal and the additive noise, aretden |H|~+ o
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wherea? denotes the power of the sign@l The time-domain

THP filter coefficients therefore satishb = —a, where: h
M-1 o jorg™ M-1  gj2r
[A]m,l = ’ﬁ |2+ o2’ [a]m = ‘ﬁ ‘2+ a2
K= =4 K=o -4
k.k o2 kk 02 !
with 1 <m,| <Ny, §
4.3 Transmit Power Control —V— ZF-THP (Q=1)
MMSE-THP (Q=1)
As a result of precoding, the mean transmit power per SC- 107 A e
FDMA symbol increases or decreases as a result of the mag- o N
nitude fluctuations of the precoders weights. Since thestréin —0— Non—precoded SC-FDMA X
power per symbol is limited, we should maintain the same mean o 1 2 3 4 5 6 7 8 9
transmit power per symbol as the case with no precoding.€Fher % (45)

fore, the weights of the precoder must be power constraifed.
each precoded SC-FDMA symbol, the mean transmit power ifigure 4: PAPR Characteristics of the precoded SC-FDMA
given by: waveform.

1 S 12 o2 2
W [BR =5 3 B =yt (e T .
kW, kEW; sent back to the mobile unit. This means that transmit precod
ing is not used to compensate for the fast power fluctuations i
wherey denotes the gain in the transmit power as a result ofhe channel mean power.
recoding and is given by — [1 |B‘1}2 In order to Figure 4 shows the CCDF of the PAPR for the ZF and
b ng gven by =/ 2kew; By 7| - ) MMSE THP waveforms for different values ®fl, calculated
normalize the transmit power to the case of no precoding, thg each SC-FDMA symbol.As can be seen, the PAPR of the
_prepoders output is divided by As a resu]t of power normal- 7g THP is higher than the PAPR of the MMSE-THP, for sl
ization, the output of the FDE from equation (16) becomes:  Thjs is as a result of the high dynamic range of the magnitudes
of the ZF-THP compared to MMSE-THP. In addition, the PAPR
= = }Xn‘f' 11 Z (GxHy — Bk)Yijzn% +W, (22) of both schemes reduces as the number of active sub-carriers
14 yM KED; per user is reduces. Since SC-FDMA can be seen as DFT pre-
coded OFDMA, smaller DFT sizes (smalidj offer lower DFT
This means that the power normalization at the transmiger r spreads in the OFDMA modulator and hence the reduction in the
sults in a gain mismatch at the output of the receiver. SincEAPR of the precoded SC-FDMA waveform. This can be ap-
we assume that the transmitter and receiver are perfeatly syplied to widen the reach of the system, overcome the infiastr
chronous and that the multipath channel is static and piyrfec ture penetration losses, and or lessen the power consunygtio
known at both sides of the link, in order to compensate fon gai the transceiver, especially for low data rate transmissitis is
mismatch between the transmitter and receiver, the oufbieo  known as sub-channelization gain. For example, the 99% PAPR
receiver has to be multiplied by. Therefore, from equation level (the PAPR level that satisfies Pr(PAPR x)=0.01) for
(22): Q = 4 offers and improvement of 1dB compar@d= 2 and an
improvement of almost 2dB compared@oc= 1 for both ZF and
. 1 ol MMSE THP, which in addition to the sub-channelization gain
Vo= =Xty > (GcH=B)Y€ ™ +yWn  (23)  gffers a further improvement in the mean transmit powe®as
ke grows larger (smallei).

Although multiplying the output of the FDE by restores the
gain mismatch between the transmitter and receiver, it@so

sults in noise enhancement. The implication of the noise en- 10° : ; : :
H H H 5 =g ZF-THP (L=4)
hancement is considered in section 5. B MVISE-THP (L=4)
=@ Matched Filter Bound
== |deal ZF-DFE
5. RESULTSAND DISCUSSION 107 —@— Non-Ideal ZF-DFE_ ]

This section presents a comparison of the simulation it
the DFE and THP for different SC-FDMA systems. In the simu- .
lation it is assumed that the sub-carrier bandwidth is 15}z W 107
the total number of available sub-carriéés= 512 and the num-
ber of user sub-carriers M. The CP length i® = 64, which is
longer than the channel delay spread. QPSK modulation and Lo 107}
calized sub-carrier mapping are assumed. For each valQe of

the number of resource blocks, the results are averagedtaver

different possible sub-carrier arrangements throughueeay- - ‘ ‘ ‘ ‘
Hopping. The frequency selective channel is generated fihem 0 5 v 0 =

NLoS channel model in [9], and the fading process on each tap

is assumed to be Rayleigh fading. Perfect channel knowlatige

the transmitter is assumed. Channel estimation is peridane Figure 5: Uncoded BER Performance of ZF And MMSE THP
the base-station, where the mean of the instantaneousavideb for SC-FDMA system compared to ideal and non-ideal MMSE
channel is normalized to unity and the channel informatin i DFE for Q = 4 blocks.
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Figure 5 shows the BER performance of the ZF- and MMSE- 6. CONCLUSION
THP compared to ideal and non-ideal DFE for uncoded QPSIE. d Decision Feedback Equalizati i
with four resource blocks. Both ZF and MSME THP outper-- @ and Decision reedback =qualization are two commaon

form both the ideal-DFE (i.e. assuming perfect feedbacl'{—decassumptions in SC-FDMA. The former suffers from a funda-

sion) and the non-ideal DFE. The MMSE-THP offers a bettefM€Ntal performance degradation as a result of the residuial |

BER performance compared to the ZF-THP since the MmsgWhile the latter suffers from performance degradation as-a r

THP reduces the magnitude of the error resulting from bagh thSUIt of error propagation. To overcome these problems, it th

residual IS| as a result of the combined channel and FDE, alﬁaﬁﬁli vSv(e:PFaIS/EAthers?‘ntrﬁ? ai pI:e—EI:rTLanI?mentag?Q of ;rHDPg.‘IJ_r
the filtered additive noise, contrary to the ZF-THP, whicliyon up ansmission. Here we proposed né pre-
cancels the residual ISI. THP for SC-FDMA and both the ZF and MMSE THP designs

Figures 6 and 7 show the ber performance of the MMSE and zpere considered. The MMSE-THP offers a better BER perfor-

N : : mance compared to the ZF-THP, and also has a lower PAPR.
ﬁﬁifﬂ L:_flfg’rerzﬁl\)/:ﬁgg I&foér%'gegi?; Iﬁ gngrtgg ?\;mgg.drﬂp Both systems offer a lower BER compared to decision feedback

outperforms ZF-THP. In addition, increasing the lengthu t equaliz.atio_n and are close to th.e matched filter bound. Aljho
precoder improves the performance for small valuebipand ~ Precoding introduces a transmit power penalty as a resuiteof
degrades the performance Mg— M for both ZF and MMSE  1i9h PAPR (1.5dB for(lj\/lMSdE-'l'lHP anQ@=4), (tjhe E.NR gal? of
THP. The performance improvement for small valued\gfis ~ MIMSE-THP compared to ideal-DFE exceeds this penalty (3.5

- ; : dB less SNR than ideal-DFE fdp=4 and an error probabil-
due to the fact that increasimg permits the precoder, as shown ity P, — 10-3), which translates to improved coverage. As the

in Figure 2, to cancel more ISI. As the length of the precoder i ; :
further increased, the precoder’s ggiincreases and as a result "UMPer of taps in the THP filter, the BER performance of the
when the receiver adjusts for the precoder's gain, noisarergs ~ Precoded SC-FDMA system degrades as a result of the noise
ment occurs. This degradation in the performan’ce paatityul enhancement. Further work should address how channelaestim

' Y tion and tracking can assist the precoder in the case of eéhann

whenN, =M, manifests itself as an irreducible BER floor. mismatch due to mobility and channel estimation errors.
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