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Abstract

New generation wireless systems target to support much higher data rate which requires larger bandwidth than
the existing systems. Lack of contiguous spectrum resources and the compatibility requirement with the legacy
systems make the concept of carrier aggregation (CA) a practical means for supporting high data rate in next
generation systems. One of the practical issues related to the CA is the dramatically increased peak-to-average
power ratio of the time domain signal. This article proposes several low-complexity and no-overhead PAPR
reduction methods for bandwidth aggregated systems with orthogonal frequency division multiplexing/multiple-
access or single-carrier frequency division multiple access in multi-in multi-out system configurations. For the
proposed phase-rotation based PAPR reduction methods, a reliable phase rotation detector at the receiver is
developed to maintain the receiver performance. Performance evaluation under 3GPP LTE-Advanced environment
shows the advantage of the proposed methods while not requiring any signaling overhead.

1 Introduction

The demand of higher data rate to support various wire-
less services and applications increases dramatically over
the last decade. 3GPP has adopted carrier aggregation
(CA) [1] where multiple LTE Release 8 [2,3] component
carriers (CCs) are combined to provide the targeted or
required data rate. One of the downsides that CA sys-
tems face is the significantly increased peak-to-average
power ratio (PAPR) of their time domain signal. Hence,
PAPR control is an important practical issue for carrier
aggregated systems.

There exist several approaches to address this PAPR
problem (see [4,5] for an overview) for orthogonal fre-
quency division multiplexing (OFDM) systems. Some
representative works resort to clipping and filtering
[6-8], pulse shaping filters [9-11], and block coding
[12-14] at the cost of either performance, complexity, or
code rate. Several other schemes exploit multiple signal
representations at the expense of complexity and signal-
ing overhead. These schemes include partial transmit
sequences (PTS) [15-17], selective mapping technique
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(SLM) [18-22], tone reversion (TR) [23,24] and constel-
lation expansion [25,26].

However, all of those works consider typical OFDM
systems which are not carrier aggregated systems. In
addition, some systems (e.g., uplink (UL) of LTE Release
8 and LTE-A) use single carrier frequency division mul-
tiple access (SC-FDMA) which has different PAPR char-
acteristics [27] than OFDM or OFDMA systems [28].
The promising schemes with significant PAPR reduction
such as PTS and SLM require substantial signaling over-
head which grows linearly with the number of CCs. The
complexity of such schemes in the CA systems increases
exponentially with the number of CCs. Thus, PAPR
reduction methods with reduced complexity and lower
or no signaling overhead are needed for CA systems.

In this article, we propose several PAPR reduction
methods which aim to reduce system complexity, elimi-
nate the need of signaling overhead and provide good
PAPR reduction performance in carrier-aggregated
OFDM/OFDMA and SC-FDMA multi input multi out-
put (MIMO) systems. The first three methods namely
multi-symbol SLM (MSSLM), partial SLM (PSLM) and
sequential SLM (SSLM) are based on the SLM techni-
que with some modifications. The fourth method called
partial linear precoding across time (PLPT) relies on
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several different representations of the signal through
linear precoding of subcarrier data across time, and the
transmitter selects the representation with the lowest
PAPR to transmit.

In a recent work [29] which considers a single-
antenna OFDM system, signaling overhead associated
with PAPR reduction is eliminated by means of inserting
pilot tones in each OFDM symbol. The receiver obtains
the phase rotations applied in the PAPR reduction from
the inserted pilots. While applying a similar concept
from [29] in our first three methods, we aim to reduce
the cost of pilot tones at each OFDM symbol. We pro-
pose to use the pilots inserted for channel estimation
and tracking according to the standard specification,
thus eliminating requirement of additional pilots at each
multiple access (MA) symbol, i.e., either OFDMA or
SC-FDMA symbol. This leads to the use of PAPR opti-
mization intervals with multiple symbol durations for
the first three methods. Another difference from [29] is
that we consider MIMO carrier-aggregated systems
which have their own characteristics and constraints.

In the LTE-A, there are several MIMO schemes speci-
fied, including space frequency block coding (SFBC),
spatial multiplexing (SM) and beam forming. The later
two schemes require the modifications made on the sig-
nal of each antenna for PAPR reduction to be identical;
otherwise, the original MIMO properties will be
destroyed. Hence, in our proposed PAPR reduction
schemes, all phase changes or linear precodings are
made to be the same across all antennas for all MIMO
schemes. This will limit the PAPR reduction capability,
but the MIMO properties can be preserved. Our PAPR
reduction methods can be applicable to multi-user
MIMO scenario (also a mode of LTE-A downlink (DL))
as will be discussed later in the article.

Regarding PSLM, MSSLM and SSLM, while adopting
SLM concept, our contributions include (i) the concept
of multi-symbol PAPR optimization intervals for signal-
ing overhead reduction, (ii) the concept of partial group
selection for complexity reduction, (iii) adaptation to
CA systems, (iv) the extension to the MIMO scenarios,
and (v) a reliable phase rotation detector at the receiver
to remove the effects of PAPR reducing phase rotations
on the receiver performance. These methods provide
low-complexity and require no signaling overhead by
the exploitation of existing reference symbols for signal-
ing overhead reduction. Parts of these contributions
were presented in [30].

The fourth proposed method PLPT offers an alterna-
tive means of reducing PAPR by a linear precoding of
data on some subcarriers across two adjacent OFDMA
or SC-FDMA symbols. Like SLM based methods, every
different representation of the same signal will have dif-
ferent PAPR value and the transmitter selects a
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representation which has the minimum PAPR to trans-
mit. While LPT and SLM based methods share some
contributions together, PLPT does not need multi-sym-
bol PAPR optimization intervals, each of which contains
pilot signal for signaling overhead reduction, because
PLPT does not use phase rotation vectors. For PLPT, a
modified receiver can detect whether the precoding has
been applied or not.

The rest of the article is organized as follows. Section
2 presents system model, and Section 3 describes the
proposed methods. Simulation results are discussed in
Section 4, and Section 5 concludes this article.

2 System model

In this article, we assume a general cellular system
which adopt OFDMA for its DL and use SC-FDMA (or
discrete Fourier transform (DFT) spread OFDM) in its
UL. The aggregation of several CCs is introduced in
order to utilize wider bandwidth (for higher data rate)
while keeping backward compatibility with the older
standard. Each DL/UL transmission subframe for a user
on a CC contains several subcarriers over several MA
symbols forming a resource grid (RG).

Let N, Nj and Ny, denote the number of the trans-
mit antennas, number of the MIMO layers and the sub-
frame duration in unit of OFDM or SC-FDMA symbol
duration, respectively. Define f; = f;, — f;, which repre-
sents the center frequency difference of the ith CC and
the reference Oth CC in the considered link (DL or UL).
Figure 1 shows the baseband model of two CCs where
the top CC is the reference Oth CC and the bottom CC
is shifted to center frequency f;. In general, there are
two primary modes, SM and transmit diversity (TD) for
DL. For UL, only SM mode is considered and a DFT
precoding is applied between layer mapping and MIMO
precoding stages.

2.1 DL model
In the DL MIMO SM scenario, the modulation symbols
{d(n)} are divided into multiple layers denoted as

bi(n) = [B”(n),..., 6™ D (n)]" over which a MIMO

precoding is applied as
Zi(n) = Wbi(n) 1)

where bg") (n) is the nth modulation symbol in the vth
layer of ith CC and W is a N x N MIMO precoding
matrix (see [2]). Z;(n) = [zl(o)(n), ) _.,zl(Nl‘l)(n)]T is the
vector of MIMO precoded symbols where zgp)(n) is the

nth symbol of the antenna p.
For the DL MIMO TD scenario, the precoding for TD
is defined for two or four antennas. For transmission on
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Figure 1 Baseband block diagram of the proposed methods (MSSLM, PSLM and SSLM) in UL scenario with 2 CCs in a single antenna setup.
PAPR optimization is typically done in all discrete-time domain and in this case a larger IDFT size (where U is the oversampling factor) should be used.

two antennas, space-frequency block code (SFBC) is
adopted and the precoding operation is defined by

2%n) z%n+ 1) | [ 00m b0 |
AV(@n) 4V @n 1) || -6 () 6 () |

In the four antennas scenario, a combination of the
SFBC and the frequency-switched transmit diversity
(FSTD) is implemented as
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2.2 UL model
For the UL MIMO scheme, after the modulation sym-
bols are layered, each layer 5 (1) will be DFT precoded
as

R-1 "

) _ 1 ) _2mmi
% (lR+k)—RZb1. (R+m)ed ®

m=0

k=0,...,.R—=1, (4)

where R is the number of assigned subcarriers to the
UL per user and / ranges from 0 to Ngym,p - 1 except
those slots for the reference signal. In UL, only SM is
adopted in the MIMO scheme; therefore, we can write
the MIMO precoded symbols Z,(n) in (1) as

Zi(n) = Wy;(n) ®)

where yi(n) = [yl(o)(n), . ,yl(lel)(n)]T is the vector of
DFT precoded symbols.

For both DL and UL schemes, define M. (M. = R in
UL) as the number of subcarriers assigned in each CC,
F; as the set of subcarrier indices (which are in the
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increasing order) of the ith CC and Fj(m) represents
the mth index of F;. The final output zl(p) (n) is mapped

to the resource element Xl(’l’)k of antenna p as

Xl(’l’)k =2” (Mg +m), for k = Fi(m) (6)

where m =0, ..., M. - 1,1 =0, ..., Ngypmp - 1. The con-
tinuous-time baseband signal sl(’;)(t) in the /th OFDMA

or SC-FDMA symbol of the ith CC in a subframe of
antenna p is given by

55,7)(t) _ Z Xl(z;)k R PEING ej2nﬁt’ )
ke F;

for 0 < ¢ < NT, (which will be shifted to the /th sym-
bol interval later) and [ = 0, ..., Ngymp, - 1, where N is the
inverse DFT (IDFT) size without oversampling and Ty is
the corresponding sample duration. Note that the low-
pass equivalent representation uses f,, the center fre-
quency of the 0-th CC, as the reference bandpass carrier
frequency in the conversion; hence the term p27fit
appears in (7). We ignore cyclic prefix (CP) in the PAPR
calculation since it is merely the cyclic extension of the
signal itself.

3 Proposed PAPR reduction methods

3.1 Multi-symbol selective mapping (MSSLM)

In SLM, PAPR optimization is done for each OFDM
symbol, therefore it requires high complexity and over-
head. An intuitive approach for reducing complexity
and overhead will be processing across multiple MA
symbols, i.e., processing for PAPR reduction is not done
at each symbol independently but rather applied the
same across multiple symbols jointly. Therefore, we pro-
pose the concept of multi-symbol optimization interval
denoted by the MA symbol index set 7. The choice of
the PAPR optimization interval (the number of OFDM/
SC-FDMA symbols over which PAPR is defined and
minimized) is constrained by the tradeoff between
PAPR reduction capability and control signaling over-
head. The optimization interval of one symbol provides
the best PAPR reduction capability at the cost of sub-
stantial control signaling overhead. On the other hand,
using the interval with a very large number of symbols
will substantially save the signaling overhead but the
PAPR reduction might be negligible or unjustifiable for
the associated complexity. Thus, a proper tradeoff is
necessary. Based on our investigation, we recommend a
PAPR optimization interval of around four symbols for
SC-FDMA based systems while for OFDM DL systems a
slightly larger interval may be selected if associated
PAPR reduction is acceptable.
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As pilots or reference symbols are typically transmitted
in practical systems, we can take advantage of them in
removing or reducing the control signaling overhead. By
including reference symbols in the optimization interval, i.
e., applying the same phase rotations for both reference
symbols and data symbols, the effects of the phase rota-
tions can be absorbed in the channel estimates, or the
phase rotation can be detected (see Section 3.5) and its
effect can be removed at the receiver. By this way, no sepa-
rate signaling overhead is required to inform the receiver
of the applied phase rotations.

A transmission frame may contain more than one
reference symbols. In this case, we may have more than
one PAPR optimization intervals. To illustrate, let us
consider the DL of the LTE-A system. There are seven
symbols (normal CP length) in a slot and reference sym-
bols for DL are placed at either first and fourth OFDMA
symbols or at second and fifth OFDMA symbols. Consid-
ering the former, we can form two PAPR optimization
intervals of three symbols and four symbols, with the cor-
responding symbol index sets 71 ={0,1,2} and
T2 = {3,4,5,6}, in each slot as shown in Figure 2. As
there is one reference symbol in each interval, we do not
need any control signaling overhead at all in this case.

With the introduction of the optimization interval, we
propose MSSLM to overcome the complexity and over-
head burden of the original SLM. Consider a PAPR

optimization interval 7. All symbols Xi(li)k of the IDFT

input in the ith CC are partitioned into S disjoint
groups over the above optimization interval 7T, repre-

sented by {Xfﬁ)(q),q=0,...,8—1}. Next, MSSLM

applies phase rotations to all groups. The phase rotation
¢;, which rotates the ith CC’s gth group is from the set
®={D,:m=0,.. P -1}, where P is the number of
phase choices applied to each group of subcarriers. Set
M as the number of CCs. We define a phase combina-
tion v e @™ which is a length-SM vector where its ele-
ments belong to ®. Each different vector v refers to one
set of possible phase rotations that can be applied onto
the transmit signal. Therefore, the phase shifted signal
corresponding to a phase combination v, denoted by

;® (v, t) , can be represented as

SCA
M-1S5-1
Egg(v, t) = Z Z Z Z xl(/fl’)(q)ei,zm,{, pi2m (RAFH)(=INT,)
1T =0 4=0 keJi, 8)
g(t — INTy),

where the set Jj14 contains indices of all subcarriers
which belong to the gth group of ith CC at /th symbol.
Note that we can set ¢y to be zero without affecting the
performance, thus the search space would be ®**, Each
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Figure 2 One DL OFDMA time slot where R refer to reference symbol is illustrated with S = 6 groups and each contains four resource
blocks (48 subcarriers of 7 OFDMA symbols). Intervals 1 and 2 contain first 3 and later 4 OFDMA symbols respectively.

combination results in a different final PAPR value. The
transmitter will simply choose the combination which pro-
vides the best result. Note that the PAPR reduction phase
vectors are the same across antennas but the actual PAPR
values are in general different from antenna to antenna.
We need only one metric to decide which phase vector to
be used for PAPR reduction. Denote V as the collection of
all possible combinations vectors v where each vector
represents one possible phase combination. We have
tested two candidate metrics: (1) using the maximum
PAPR across all antennas as

(NL

V' =arg mi‘rll max {PAPR [E(Clz(v, t)} ,.... PAPR [SCA
ve

‘wnl}©

and (2) using the average PAPR across all antennas as

N—1

v* = arg mln Z PAPR [38)\ (10)

veV

]

where

()

2
max HSCA(V, t) H

o[l ]

We have found out that using the latter provides a
better result, thus we have adopted it in our methods.
Therefore, we can write the time-domain transmit sig-
nals which have the minimum PAPR as

PAPR [3(v,1) | - (11)

(P

5 (12)

~(P)*(t)

(v*,t), forp=0,.. N.

3.2 Partial selective mapping (PSLM)

In MSSLM, since all S groups are selected for phase
optimization, the complexity increases exponentially
with S. To be practical, S will be limited to a small num-
ber. Alternatively, we propose PSLM which applies
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phase optimization only to part of all groups. Like
MSSLM, All symbols X(’J ) of the IDFT input in the ith

CC are partitioned into S disjoint groups over the opti-
mization interval 7 where S’ can be larger S. Next,
PSLM applies phase rotations to K selected groups out

of all S’. Note that the phase rotations {qbi,q/} for unse-

lected groups are set to zero.

The total number of groups per CC, S’, as well as the
number of selected groups for processing per CC, K,
provide a tradeoff between PAPR reduction capability
and complexity (plus overhead) if no reference or pilot
symbols are available. The underlying system parameters
(e.g., resource block sizes) also shape the choice of those
group numbers.

The other aspect that should be considered is how to
address for different resource block sizes especially for
UL. In order to limit the complexity regardless of the
resource block size, we adopt to use a fixed number of
groups while adjusting the size of each group to
accommodate for the change in the resource block
size.

The next step is to find out which groups should be
selected. For example, in the LTE-A scenario with four
selected groups out of six groups, there are 15 possible
selections and it is unlikely that all will give the same PAPR
reduction performance. As will be shown later in Section 4,
a proper selection does yield a better PAPR reduction
performance.

As DL contains data for all users, it has much larger
resource size than the UL. The same procedure can be
applied for DL but the values of S’ and K can be chosen
differently (especially, larger than UL case to gain more
PAPR reduction) if desired. On the other hand, base sta-
tions typically have power amplifiers with large linearity
range and energy consumption is of less concern.
Hence, even using the same values of §’ and K as in the
UL may be sufficient for the DL.

Note that all the steps for the partial group selection
can be done offline once, and hence there is no imple-
mentation complexity associated with it. The group
numbers and selection are fixed across all CCs of all
antennas. This provides simplicity and modularity in
implementation.

With the concept of optimization interval and partial

group selection, the partially phase shifted signal
Eg’g(v, t) corresponding to a phase combination v €
@ M for PSLM can be written as

M-18-1

Egz(v, t) = Z Z Z Z Xp)(a) &P g2 (RAF+) (1=INT;)

IeT 20 q=0 ke T,y (13)
g(t - lNTS)I
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where ¢’ = 0, ..., §’ - 1 and the selection of signal
which has the minimum PAPR is similar to (12). The
detection of the phase rotations can be done at the
receiver in a similar manner as in MSSLM, and hence
no signaling overhead is required for PAPR reduction.

3.3 Sequential selective mapping (SSLM)

This scheme aims to reduce the complexity of SLM-
based approaches by adopting a sequential optimization.
Define the phase combination set V; which contains all

length-S” M vectors as
Y, = [063 0] - 853 1 81 0 85| (1)

where its (r+1)th to S’ Mth elements are zeros

(i'e'([()m)/sq (r+1) mod 5 1© o) | jareall zeros), first to

(r - 1)th elements are fixed by the previous (r - 1)

searches and the rth element ¢(er)/$, is the only

|, rmod &
variable to be optimized at the rth search. Alternatively,
we can define V; as

vrr=[ 0 s 00 08, s 0, ¢(r)ls,71](15)

which yields the same PAPR reduction characteristics
based on our investigation results. In fact, we can set
Q0,0 to be zero without affecting the PAPR reduction
performance, thus we can start from r = 2.

In SSLM, we can represent the sequentially phase

shifted signal s(p ) (V;, t) at the rth iteration as

M—-18—

).(0) e]qb,( 27 (RAf +fi) (t—INT;)
) ETY A .

leT i=0 =0 keJ 14
g(t — INTy),

sCA (V1 1)

where r = 2, ..., §" M. For every r, there are P possible
phases to apply, therefore, P(S” M - 1) combinations of
phase rotations are available to apply to the RGs differ-
ently. At the rth iteration, the selected combination v’f

is given by

= arg mln Z PAPR [sgg < )]

where the definition of the PAPR is given by (11). The
search continues in an increasing order of r until a pre-
defined PAPR threshold PAPResholq is reached by

SCA( , ) where

(17)

PAPR I:Sgl ( )] =< PAPRthreshold (18)
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for all antennas or until » = S” M. The phase rotation
effect at the receiver can be addressed in the same way
as in MSSLM, thus requiring no associated signaling
overhead.

3.4 Partial linear precoding across time (PLPT)

This scheme aims to remove the requirement of explicit
signaling (e.g., SLM) or pilot-based implicit signaling
(e.g., MSSLM, SSLM and PSLM), thus providing over-
head saving and flexibility in its application. It applies
linear precoding of data of some subcarrier groups
across every two MA symbols. The choice of which sub-
carrier groups is based on the minimum average PAPR
as defined in (10). Denote w to be the group indices
selected to be PLPT-processed and r be the index of the
MA symbol pair corresponding to the MA symbol index
[ =2rand 2r + 1. After the PLPT process, the subcarrier
data of the 7th MA symbol pair are given by

«(p)(q) (n)(a)
[Xi(z)’(q)} =P [Xi(z)’(q)} (19)
1(p)(q ir p)a)
X 1,2r+1 Xi,2r+1
where
ww_ 1|11 s
Py = /2 |:1 1l if(i,9) ew (20)
and
0@ _|10 .
P = |:0 1j| , otherwise. (21)

The corresponding time domain signal over two MA
symbol interval can be written as

2r+1 M—18-1

Egl(w, f) = Z Z Z Z X:l(,;;)(q) /27 (RAf+) (1=INT;)

1=2r i=0 =0 ke, (22)
gt — INT,).

Similar to (12), the signal transmitted is the one with
the optimal selection w* which yields the lowest average
PAPR. An illustration of PLPT method is shown in
Figure 3. PLPT does not require any reference signal to
convey the information of the selection made by the
transmitter. At the receiver, whether PLPT is applied on
a selected group or not can be determined from the
equalized received signals on those subcarriers. Denote

those  equalized signals  corresponding to
[Xl(fr) (q),X;,(fr)f?] by {Yl(zpr) @, Yl(fr)f‘f)] . Then, the receiver

can apply the same LPT processing on those equalized
signals as
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2 (7)(0) ()(a)
[Xﬁ’z)r( } - [P(p)(q)]T [Y?tzg( )} (23)
> ir P
K Y,

)
+1 1,2r+1

to get estimates of the original signal before precoding
at the transmitter. Alternatively, the receiver can per-
form maximum likelihood (ML) detection over a larger
signal space consisting of both LPT-processed and
unprocessed symbols.

3.5 Phase rotation detection

Reference signal aids in acquiring and tracking channel
knowledge for data detection at the receiver. The use of
phase rotations for PAPR reduction over multiple inter-
vals within a transmission frame should not affect the
channel estimation and tracking. This issue can easily be
addressed by detecting the phase rotations at the receiver
based on the reference signal. There can be many ways
to find out the phase rotations at the receiver. Here we
provide a simple solution. For each reference signal on
each CC at each receive antenna m, consider the same
group partitions as at the transmitter with J; and (@)
denoting the subcarrier indexes of group ¢ and of pilots
for transmit antenna / in group ¢, respectively. Note that
rlal is different for different / as in LTE-A. Suppose the
phase rotation applied for PAPR reduction at transmit
antenna / is @, (same for all /). Then the received refer-
ence signal Y,,(k) and the original reference signal R;(k)
on pilot tone , ¢ £(a) are related by

You(k) = Hym(R)E?IRi (k) + Np(k), ke £0D  (24)

where H;,,(k) is the channel gain on subcarrier k cor-
responding to transmit antenna / and receive antenna m
and N,,(k) is the noise term on tone k at receive
antenna m.

The channel estimate ﬁlm(k) at pilot location which

includes the effect of phase rotation can be easily
obtained as

Nun(k)

Fiun() = U )Ry () + o)

(al)
Rl ke £ (25)

For each group g, based on {Ifll,m(k) ke E(q'l)}, the
estimates of phase-rotated channel gains on all tones
within the group g denoted by {Iillm(k) ke jq} are

obtained by interpolation/extrapolation (we use cubic
interpolation). Note that the last subcarrier of group ¢
denoted by go and the first subcarrier of group g + 1
denoted by g; are adjacent and hence the channel gains
on these two tones will be almost the same. Once all
groups have been processed for all transmit-receive
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Figure 3 An illustration of PLPT processing on two adjacent MA symbols.

antenna pairs, the phase difference A¢(@(4+1) between

¢, and @,,; can be obtained from the estimates of
phase-rotated channel gains on ¢go and ¢; as

A¢(ﬂ):(q+1):<angle > Fyn(00) 1y, (00) > (26)
ILm

where () represents a slicer which maps the angle
in the argument to the nearest phase from the possible

phase rotations. To retrieve {¢,} from {A(i)(q)'(‘“l)}, a

reference phase is needed. For MSSLM and SSLM, the
phase of the first group of each CC can be set to zero
and used as the phase reference. For PSLM, as some of
the groups are not phase-rotated, their group phases are
zero and can be used as the phase reference.

Once the phase rotations have been known at the
receiver, the estimates of the channel gains without
phase rotation can easily be obtained by simply remov-

ing the phase rotation effects from {Iflzrm(k)}. Next,

further improvement of channel estimates (e.g. by
exploiting limited channel delay spread) or/and channel

tracking for time-varying channels can be done as in
conventional systems. Thus, with reliable phase rotation
detection as will be corroborated in the simulation sec-
tion, the performance of the remaining receiver proces-
sing algorithms will not be affected.

3.6 Applicability to multi-user MIMO
In multi-user MIMO (MU-MIMO), data streams of multi-
ple users occupy the same spectrum. In LTE-A DL, MU-
MIMO mode supports two simultaneous users on the
same set of subcarriers. MU-MIMO uses additional user
specific pilot sequences so that MIMO channels of differ-
ent users can be distinguished at each user. Any proces-
sing for PAPR reduction should not disturb the
relationship among different user specific pilot sequences.
For the proposed MSSLM, PSLM, and SSLM methods,
the size of a group is 18 resource blocks (i.e., 216 subcar-
riers). If the users of MU-MIMO mode occupy the
resource blocks within a group of the PAPR reduction
approach, then the phase rotation of the proposed meth-
ods will be the same for all subcarriers assigned to those
users. Then there will be no effect on the interrelationship
of user specific pilot sequences and the proposed methods
can be applied to the MU-MIMO scenario. The required
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condition for the applicability can easily be met by means
of an appropriate resource allocation algorithm.

The PLPT method can be applicable to MU-MIMO sce-
nario as follows. When we apply LPT processing on a
group, we can skip LPT processing on the tones which
contain user specific pilot sequences. Then those user spe-
cific pilot sequences are untouched, and MU-MIMO
transmission is maintained. In this case, the resource
blocks assigned to MU-MIMO users need not be limited
within a group of the PAPR reduction approach.

4 Performance results and discussion

4.1 System setup

System parameters are adopted from the current LTE-A
specification up to date [1] where N, = 1320 and Af = 15
kHz. The oversampling factor for PAPR calculation is U =
8, and hence IDFT size of each CCis N x U = 2,048 x 8
= 16, 384 for the reliable computation of PAPR. The pre-
defined phase set is @ = {0, 7z} for PSLM and MSSLM. We

use ® = {0, 7,7, >} for SSLM because of its low com-

plexity. Note that, unlike MSSLM and PSLM, in SSLM,
the complexity increases only linearly with a larger P. To
evaluate MIMO CA systems without complexity burden,
we use two non-contiguous CCs (300 MHz apart) and N,
= 2 antennas for both UL and DL system. We expect that
the use of larger number of CCs would give larger PAPR
reduction. Number of groups S’ = 6 for PSLM, SSLM and
PLPT and the number of selected groups K = 4 for both
PSLM and PLPT. MSSLM uses S = K = 4 groups in each
CC and SSLM uses all 6 groups without setting a PAPR
threshold. The optimization interval for MSSLM, PSLM
and SSLM is set to four symbols and PLPT uses a pair of
MA symbols as its optimization interval. For the UL
where SC-FDMA is used, the considered UL user occupies
R = 72 subcarriers (contiguous) on each CC. In DL OFDM
scenario, we assume 1,296 subcarriers are occupied by
multiple users on each CC, where in LTE 1296 is the lar-
gest number that a base station can allocate to a user.

In evaluating PAPR reduction techniques, complemen-
tary cumulative distribution function (CCDF) of PAPR is
commonly used. Fran et al. [27] reported a linear depen-
dency between average PAPR and required power back-
off for the range of power backoff up to 9 dB. On the
other hand, [26,31] proposed that CCDF of instanta-
neous normalized power (INP) conveys a more relevant
measure. Here, we will present both performance
metrics. To have a fair comparison among different
methods, in each result, PAPR calculation is done based
on each MA symbol for each antenna.

4.2 PAPR performance
First, we evaluate the effect of group selection in LTE-A
UL SISO scenario. 72 subcarriers are divided into 6
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groups. We select 4 out of all 6 groups and all 15 possi-
ble selections are evaluated by simulation, and some
selected results in terms of the CCDF of PAPR are
shown in Figure 4. The CCDF curve of “Original” repre-
sents the time domain signal without any PAPR reduc-
tion method applied. Selection 1 curve represents the
case where the four phase-rotated groups are located at
the last four group locations. Selection 2 curve corre-
sponds to the 2-5th group locations, while selection
three curve chooses the first four group locations.

The results show that the group selection can make a
difference in PAPR reduction. The group selection 1
shows the best performance and hence it is adopted in
the rest of the simulations for PSLM and PLPT.

The CCDF performances for the UL MIMO SC-FDMA
are shown in Figure 5. Note that the choice of SC-FDMA
for UL is due to its low PAPR characteristics, yet the pro-
posed techniques enable additional PAPR reduction
gains. The MSSLM provides about 1.2 dB PAPR reduc-
tion over the original signal, while the PSLM achieves
about 1.5 dB PAPR reduction at a CCDF level of 0.01.
PLPT has better performance than PSLM, achieving
about 2 dB PAPR reduction. SSLM performs similarly to
MSSLM, however, it requires less complexity. These
gains translate into better energy efficiency for handheld
mobile devices. Figure 6 shows the CCDF of INP. As it
conveys sample-wise average performance, the gaps
between different curves are much reduced if compared
to the PAPR curves in Figure 5. Noticeably, PLPT
method outperforms all other methods.

The DL MIMO OFDMA results are shown in Figure 7.
Although base stations can handle much larger PAPR
than mobile devices, the use of multiple CCs results in
relatively large PAPR even for the base stations as can be
seen in the figure with only two CCs. PLPT reduces PAPR
by 2.1 dB at a CCDF level of 0.01 while PSLM has 1.8 dB
in PAPR reduction. When MSSLM produces 1.6 dB PAPR
reduction, the low complexity SSLM decreases PAPR by
1.5 dB. Similarly, we provide Figure 8 to show the CCDF
of INP of a time domain sample. The same discussion as
for Figure 6 applies here as well.

We tested the performance of our proposed phase rota-
tion detection for the DL 2 x 2 MIMO setup described
above with four possible phases at SNR of 3 dB. Out of
the results for 10,000 independent channel realizations,
we observed no phase rotation detection error. This cor-
roborates reliable performance of the proposed phase
rotation detector and confirms the applicability of the
proposed phase-rotation-based PAPR reduction methods
without affecting the receiver performance.

4.3 Complexity and overhead
The PAPR reduction performance of original SLM will
be better than the proposed methods as it applies PAPR
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Figure 4 Effect of group selection on PAPR in UL SC-FDMA with QPSK modulation, 1 CC, single Antenna, obtained by 10,000 Monte-

Carlo simulations.
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Figure 6 The characteristics of INP of a time domain sample of the proposed schemes in UL MIMO SC-FDMA, 16-QAM modulation,
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Figure 7 PAPR characteristics of the proposed schemes in DL MIMO OFDMA, 16-QAM modulation, 2CCs, 2 antennas, obtained by
10,000 Monte-Carlo runs.
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Figure 8 The characteristics of INP of a time domain sample of the proposed schemes in DL MIMO OFDMA, 16-QAM modulation,
2CCs, 2 antennas.

reduction on each symbol. However, it is too complex
to simulate with the aforementioned simulation para-
meters, and it requires substantial signaling overhead
while the scope of the proposed methods stays within
the framework with low complexity and no signaling
overhead. If the original SLM [18] were applied for UL
scenario, it would require M x Ngymp X PM =2 x 4 x
26 * 2 = 32,768 IDFT operations with IDFT size N x U
= 16,384, Nyymp x P*M = 4 x 2°* % = 16,384 PAPR cal-
culations, each based on 16, 384 samples, and Ngymp x
Mog, P°™1 = 48 bits (not coded yet for error protection)
for control overhead. Hence it is not practically appeal-
ing due to its high complexity and overhead. On the
other hand, PSLM use 512 IDFT operations with IDFT
size 16,384, and 256 PAPR calculations based on 16384
x 4 = 65, 536 samples when using optimization interval
of four symbols. PLPT requires 512 IDFT operations
with IDFT size 16, 384, and 256 PAPR calculations
based on 16,384 x 2 = 32, 768 samples for every two
MA symbols and additional processing at the receiver
side to detect the presence of precoding. MSSLM use
SM - 1 and SSLM use S’ M - 1 groups. Fixing ¢ to 0
will not affect their PAPR characteristics. Therefore,
MSSLM uses MP** = 256 IDFT operations with IDFT
size 16, 384, and P*"* = 128 PAPR calculations based
on 16, 384 x 4 = 65, 536 samples when using

optimization interval of four symbols. SSLM only
requires PM(S’ M - 1) = 88 IDFT operations (note: P is
four for SSLM) with IDFT size 16, 384, and P(S’ M - 1)
= 44 PAPR calculations based on 16, 384 x 4 = 65, 536
samples while not needing any control bits related to
PAPR reduction.

Overall, in terms of size of search space V, with our

1
simulation parameters, PSLM requires about 4 of the

complexity required by the original SLM. MSSLM requires

1
128 of the complexity required by the original SLM. For

the SSLM case, it only requires 3;3 of the complexity

needed by the original SLM. All SLM based methods do
not need extra signaling overhead because of the inclusion
of pilot signals. At the transmitter side, PLPT requires

1
only 32 of the processing power that is needed by the ori-

ginal SLM. PLPT outperforms SLM based methods
because in an optimization interval of four MA symbols,
PLPT optimizes twice.

5 Conclusions
This article has presented PAPR reduction schemes for
carrier aggregated systems, using LTE-A standard as an
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example. Both OFDMA and SC-FDMA are considered
and MIMO setup is included. The proposed MSSLM
reduces the complexity and removes the signaling over-
head required by the traditional SLM scheme with the
introduction of the multi-symbol optimization interval
together with the aid of a reference/pilot signal within
that interval. Partial group selection is then introduced
in PSLM as an additional means to ease the processing
requirement. SSLM relieves more computation burden
by reducing the size of the signal representation space
in the PAPR optimization. PLPT method takes a differ-
ent approach on generating different signal representa-
tion by linearly precoding two adjacent MA symbols
groupwisely. PLPT would be better suited of handheld
device (UL) as it offers more PAPR reduction gain and
shifts some signal processing (detection of precoding) to
the receiver side (base station). On the other hand, if a
lower complexity receiver is needed at handheld devices,
any one from MSSLM, PSLM and SSLM can be adopted
for the DL. With a minor performance difference, SSLM
offers the most complexity-efficient solution for both
UL and DL. The proposed phase rotation detection at
the receiver shows very reliable performance, confirming
applicability of the proposed SLM based methods with-
out affecting receiver performance. Overall, the pro-
posed schemes provide appreciable PAPR reduction
gains while requiring low complexity and no signaling
overhead. Thus, they offer appealing solutions to the
PAPR reduction for bandwidth-efficient carrier aggre-
gated systems.
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