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Abstract— We investigate channel estimation for single-carrier-
frequency domain equalization (SC-FDE) system using the tech-
niques typically used for an orthogonal frequency domain mul-
tiplexing (OFDM) system. Two techniques of frequency domain
multiplexed (FDM) pilot insertion using interleaved frequency
domain multiple access (IFDMA) signal with a Chu sequence
are considered. One called frequency domain superimposed
pilot techniqgue (FDSPT) scales data-carrying tones and then
superimposes them with pilot tones. This technique preserves
spectral efficiency at the expense of performance loss. The ath
called frequency expanding technique (FET), shifts groups of
data frequencies for multiplexing of pilot tones at the expense of
spectral efficiency. Our results show that both techniques incrase
peak to average power ratio (PAPR) although it is still lower
than that of an OFDM system. The application of FDSPT is
limited by the pilot overhead ratio, resulting from the removal
of data frequencies for pilot frequencies. It is shown that channle
estimation using conventional time domain multiplexed pilots and
FET pilot tones produce the same BER, while the FDSPT requires
about 1.5 dB more power for the same performance. Using FDM
pilots in SC system facilitates flexible and efficient assignment of
signals to available spectrum.
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bandwidth using an interleaved FDMA (IFDMAJignal [6]
with a Chu sequence [7], which has constant envelope and
uniform spectrum. Multiplexing pilot tones into the signal
bandwidth affects the PAPR of the SC signal. We consider the
effects of inserting the pilots in terms of PAPR and compare
with that of an OFDM signal. We also compare with the
performance for conventional time domain multiplexed (TPM
pilots. With one additional FFT operation and using gen-
eralized multicarrier (GMC) transmission technique [8]et
SC signal with pilot tones can be generated. Two techniques
of pilot tone insertion are considered. One is to scale data-
carrying tones for superimposing of the pilot tones, called
frequency domain superimposed pilot technique (FDSPT9. Th
other is to shift groups of data frequencies for multiplgxof
the pilot tones, called frequency expanding technique JFET
The rest of the paper is organized as follows: Sec. Il
provides system description, including backgrounds on the
generation of SC signals with pilot tones. Sec. Ill presents
signal analysis for SC signals with pilot tones using FDSPT
and FET in terms of PAPR. Sec. IV describes the frequency
domain channel estimation using FFT and linear MMSE equal-

Next generation wireless systems will likely use flexiblézation for systems with FDM pilots, while Sec. V presents th
combinations of frequency domain block transmission metbimulation results and discussions, followed by the caiohs
ods such as orthogonal frequency domain multiple acceéasSec. VI.

(OFDMA) and single carrier with frequency domain equal-

ization (SC-FDE). For example SC may be preferred for the

Il. SYSTEM DESCRIPTION

uplink of cellular systems because of its low peak to averagerig. 1 shows the block diagram of the transmitter and
power ratio (PAPR) and the resulting power amplifier effirecejver using GMC signal generation. The transmittediloc
ciency in the user terminal. The pilot symbols for SC systenggntaining data and pilots, consists bfsamples plus d.,

are traditionally time multiplexed within or in between tfasCyC“C prefix, which is assumed to be larger than the known

Fourier transform (FFT) blocks and placed at the beginning

Ehannel impulse response length. The complex data symbol

the packet [1][2]. In this paper, we consider channel edtona ,  has zero mean and varianeé. We assume a sizkf

for SC-FDE systems using frequency domain multiplexeghta plus pilot symbol block transmissiod/( < L). The
(FDM) pilot techniques which have been typically used fogata tonesA, (M-point FFT of {am}M=} for FDSPT and

OFDM systems so that at the base station one estimatorjg_m_poim FFT of{am}
sufficient. Instead of using the whole OFDM symbol for chasoint FFT of Chu sequenchry, } V!

M-N=1) and pilot tonesP, (N-

m=0
_, ) are multiplexed into a

technique periodically inserts pilot tones with equidistspac-

M. Note thatNV < M < L. The kth element of a lengtiv

ing, reducing the pilot overheads [3][4]. Frequency domaifhy sequence is given by, = /™ k(k+)/N j —  for N

signal generation and pilot multiplexing facilitates flebel and
efficient assignment of signals to available spectrum.

even andi = 1 for N odd, wherer is relatively prime toN.
For equidistant pilot spacing, each group of data has thesam

Aiming for application in time and frequency selective

channels, we multiplex multiple pilot tones within the sidjn

1IFDMA has had many names, such as FDOSS[5].



size. By padding enough zeros in the frequency domain where(0 < o < 1. The baseband transmitted signal (with
make a total length of. and taking the IFFT, it is equivalent IFDMA training signal)z,, can then be expressed as
to use asinc type pulse for pulse shaping in the time domain

with an oversampling factor af if L = MI. After adding the =

N—-1
rs(n) = 7 > AQee? T % > P 5 (5)
=0 k=0

(A = =
{a,} FET {4} )
X Pad Ll peT B2 add D distorted data signal IFDMA training signal
zeros CP Window
El . .
i where0 < g < 1 and the subscripf represents the signal

for FDSPT. The second term in (5) is a deterministic and
{a,} MMSE
- Equalizer

v, common term to FDSPT, FET and OFDM signal using an
Remove |_| Cyclic IFDMA signal as a training signal. Therefore, for the intdre
cp Shift of comparing the PAPR performance among the signals using
these techniques, we focus on the first term in (5). It can be
shown that the envelope fluctuation is the largest wien 0.

The transmitted signal with. = 0 and without the pilot tones
cyclic prefix (CP) to prevent inter-block interference, méi can be found as

domain window can be added to reduce the side-lobes of the

-
N

FFT [~

Fig. 1. GMC Transmitter and Receiver Structure

transmitted spectrum. M M=l i

In the receiver side, before removing CP, a cyclic shift of zg(n) = T amgs <n — M) (6)
the received samples is necessary due to the rolloff of the m=0
raised cosine time window skirt. Taking tle- point FFT of _singz) SINQ(ts) e

the received baseband sample and then removing the lastwheregs (z) = Sinqz) sinqa) © is the sampled im-
L— M frequencies, we obtain the received pilot and data tongsise response of a channel with periodic nullg, = M — N
andn = 0,1, ..., L—1. The high sidelobes of thes (n — &)
Y= X/H =0,1,...M —1 1 IO M
¢ eHe Ve, £=01 (@) pulse increase the PAPR.
whereH, andV, represent the channel response at frequéncy _ .
and frequency domain noise samples, respectively. For FDSB. Frequency Expanding Technique

Xy is the(th element of The FET evenly expands groups of frequencies for multi-
Xg = [BPy+ado, A, ..., BPi+aAk, Axit, .., Anr—1] (2) plexing of I.F.DMA pilot tones. The FET has slightly Iower.

spectral efficiency due to the expansion of data frequencies
wherea and 5 are the scaling factors for the data and piloio accommodate for the pilot tones, which results in no
tones at pilot locations, respectiveli, is the /th pilot tone performance loss but slightly higher PAPR than that of the
and K is the pilot spacing. For FETY, is the/th element of conventional SC signal. Note that the FET is the frequeney do

main pilot technique commonly used in OFDM systems. When

Xp = [P0, Ao, Py Aty s PNt o Ay ] (3) using FET, the multiplexed data and pilot tones are as defined

Note thatV more data symbols can be sent using FDSPT. The (3), where pilot toned? are periodically multiplexed with
MMSE equalization with FDSPT and FET and FFT channéhe data tonesd,. The baseband transmitted sampigsin
estimation will be addressed in Sec. IV. The estimated ddfég. 1 is given as
symbola,, is obtained by taking the IFFT of the linear MMSE

i 1 2mnl 1 2k K
equalizer output. rp(n) = — Z Xl Pl T (7)
[1l. ANALYSIS OF SCSIGNALS WITH PILOT TONES Py s k=0

A. Frequency Domain Superimposed Pilot Technique where the subscripE represents the signal for FET. Similar
The idea of FDSPT is to periodically scale frequencig® the FDSPT case, we consider the first term in (7), which

for superimposing of the IFDMA pilot tones. The advantagean be further expanded as

is not to expand the signal bandwidth, thus maintaining the

spectral efficiency. However, as it will be shown later, it |, M' ixn —j

suffers performance degradation due to the loss of part of te(n) = 7 ¢ Z amgp(m,n)e

the useful data frequencies and induces slightly higherRRAP m=0

We want to obtain an expression far, in Fig. 1 and where g (m, n) _

analyze the implication of periodically frequency scaligd BT

superimposing in terms of PAPR. Define a frequency-scalif o =1 (n/L—m/M"))
SINQn/L—m/M")

M'—1

,ﬂ_( (M’ —1)m

) (8)

SINQN(Kn/L—m(K-1)/M"))
SINQKn/L—m(K—1)/M")

,M'=M-Nandn =0,1,..., L—1.

window as It is obvious that the time-varying modified pulse shaping
| {=0,K,2K,...,(N - 1)K @) filter gg(m,n) results in higher PAPR than a SC system
Qe = 1 otherwise without multiplexing pilot tones, as further shown in Sec. V



C. PAPR Comparison For the channel estimation of FET, it is equivalent to that of

For an OFDM system, the probability that a PAPR valuEDSPT whena =0 and 5 = 1. Note that channel estimator
exceeds a certain value depends on the number of subcarriépi!9 Wiener filtering can also be employed for better chnne
The larger the number of the subcarriers, the higher tR&limates at the expense of higher complexity [4].
probability [9].. Wg want to compare the number of dat%_ Linear MMSE Equalization
symbols contributing to the higher PAPR for (6) and (8) . ) ) .
with that of an OFDM system. First consider the transmitted FirSt consider FDSPT. Given the channel is known, the
samples for OFDM, generated using Fig. 1 without the FFﬁnot tones are removed from the received signal tones befor

prior to the MUX operation, given as equalization,
| M-l . Y, = Y,—-pBHPyk
rpH(n) = — Z amel "L 9) _ — _
o 7 m — aH A+ Vi, (=0,K,..(N-1)K (12)

m=0
A At the non-pilot frequencies, from (1), the received data

where the subscripd represents the signal for OFDM. Fromfrequencies are given a§ = H; A, + V;. The linear MMSE

(9), there ar¢ M —N') random data symbols contributing to theequalizer taps for a single received sample can then be
PAPR. For SC modulated with FDSPT with= 0 and FET, calculated as

the number of random data symbols contributing signifigantl g
to the PAPR is much less thdi/ — N') due to the modified W, = ﬁ,
sinc type pulse shaping filters in both cases. Therefore, we can [Hyl? + 03

conclude that the PAPR for a SC system with FDSPT or FEghere(-)* denotes the complex conjugate and
is lower than that of an OFDM system with the same amount

(=0,1,..M—1 (13)

of pilot tones. This is further justified using simulations i  f; = { at, t=0K2K, . (N-1K (14)
Sec. V, where it is also shown that SC modulated signal with H, 0#0,K2K, ....(N - 1)K
FET has slightly higher PAPR than that of FDSPT. The corresponding MMSE of the linear equalizer can be
shown to be
IV. CHANNEL ESTIMATION AND EQUALIZATION o2 M—1 1
A. Channel Estimation Js =37 > [HPE+o? (15)
=0 v

The channel estimation is accomplished by estimating the , . .
channel response at the pilot frequencies and then intfpg! The estimated data symbols using FDSPT can be obtained

. . . M-1
among these estimated frequencies to obtain the chanP¥it@king theM-point inverse FFT (IFFT) off W,Y/"}, -,

estimates for the whole block, using FFT and IFFT [10]. FrofyhereY;” = Y/ at the pilot locations and’)” = Y; at the
(1), the received signal with FDSPT at the pilot locations cdfata locations. Using (13), the equalization of SC signah wi
be written as FET is performed asl, = Y,W,, where/ =0,1,.... M — 1

and?¢ # 0,K,2K,...,(N — 1)K. The MMSE of the linear
Y, = 8Py xHi+aAH+Vy, (=0,K,..,(N-1)K (10) equalizer for FET can be shown to be

Let Y = [Yb?YKV“aYV(Nfl)K]T7¢ = 0-12) M-1 1 )
Bdiag{PO’Plv':'va—l}’ H = [H0>HK>--~>H(N71)K]T1 Jp = M —N Z |He|2+o_g> i=0,1,..,N -1 (16)
A = diag{Ao, Ak, ..., An—1)g} and V = o

Vo, Vi, s Vin—y)'. (10) can be written in matrix - _ _ _ _ _
form asY = ®H + U, where we treatU = o AH + V LetA = [Al,-u,AK—hAKJ,—l, ...,A]\/j_ﬂ. The estimated data
as the combined noise term. Assuming tht and H, are Symbols using FET can be obtained by taking ¢ — NV)-
uncorrelated and zero mean and that the data symbols &t IFFT of A. The BER for both cases can be found as
the channe_l noise are als%uncorrelgtezd,;he cgvarlanda»(mat QW1 —)/J) (17)
of U is given by E{UU"} = (a’cjo; + o;)I, where
we assumeE{|A4,>} = o2 and E{|V,|?} = o2. The least where.J is eitherJs or Jg.
square estimates off at the pilot locations are given by
H = H + & 'U. The mean square error (MSE) of the
channel estimates at the pilot locations can be shown to bé\. CCDF vs PAPR and Power Spectrum
. . g 20202 4 o2 Consider Fig. 2, wherer,, is as defined in Fig. 1. At

E{(H-H)H-H)"}= WI (11) complementary cumulative distribution function (CCDF)

P 10~4, the FDSPT withaw = 0 and FET have about 2 dB
where E{®®"} = 320231 and 0% is the variance of the advantage over OFDM and 1.5 dB disadvantage over SC
pilots. The interpolated channel estimates, denoteBlaare modulated signal without pilot tones. The higher the valfie o
obtained by first taking theV-point IFFT of H and then « is, the better the PAPR. However, from (11), the higher the
paddingM — N zeros before taking thé/-point FFT [10]. value of« the worse the performance of the channel estimator.

V. SIMULATION RESULTS AND DISCUSSIONS
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| shows the urban macro power delay profile [8], while Table

Il shows the parameters [8] used in the simulation for both
the uncoded and coded cases. We assume the channel is static
for the uncoded case. The theoretical results are consisten

- = =a=0, FET
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Fig. 2. Comparison of CCDF of PAPR for SC Modulated Signalshwit
FDSPT and FETX/ = 826, N = 118,1 = 12, = N/M = 14.2%) using
Probability Density Function

There exists a fundamental trade-off between the PAPR anc
that of the channel estimator.

Fig. 3 shows the spectrum generated using the SC mod-
ulated signal with FDSPT with various values, FET and
OFDM with IFDMA pilot signal with a Chu sequence, where
p is the power backoff of the amplifier in dB. The spectrum
for the system without FDM pilots is the same as that for
the TDM pilots. The ETSI 3GPP spectral mask is scaled

0

ETSI 3GPP Spectral Mask | |
““““ p=100000 dB

— — — OFDMA, p=12 dB
-10 . SC without pilots, p=9.3 dB |-
— FET,p=10.5dB

— . — FDSPT(a=0), p=10 dB
ool : —x— FDSPT(a=0.707), p=9.6 dB| |

Power spectrum (dB)

with the simulation results. The larger the valuecobr the
smaller the value ofj is, the better the BER. The performance
degradation for FDSPT witle = 0 is significant due to
large value ofn and the presence of pilots in every block.
This implies that if we add pilots less frequently, e.g. gver

blocks, whereB > 1, we would expect better BER

performance. It is obvious that the required valu&adepends

the maximum Doppler frequency.
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Fig. 4. Performance of FDSPT in Urban Macro Channel, Uncoded

TABLE |
URBAN MACRO POWER DELAY PROFILE

Power[dB] -3.0 -5.22 -6.98 -5.22 -7.44 -9.2 -4.72 -6.94 -8.7 -8.19
-10.41 -12.17 -12.05 -14.27 -16.03 -15.50 -17.72 -19.48
Delaysfus] 0.0 0.01 0.03 0.36 0.37 0.385 0.25 0.26 0.28 1.04
1.045 1.065 2.73 2.74 2.76 4.6 4.61 4.625

e TABLE |l
; - ; SIMULATION SYSTEM PARAMETERS
0 0.5 . 1 1.5
frequency normalized to data symbol rate Parameter Urban Macro
Carrier frequency [GHz] 5.0

Fig. 3. Raised Cosine time domain windowing rolloff factor 3%, M=826 System bandwidth [MHZz] 20.0
QPSK symbols/block, Rapp model (p= 2) Modulated symbols per block 826

] Symbol rate [Msps] 16.25
to fit the generated spectrum. The backoff values, used forRC time domain windowing rolloff factor[%)] 5.3
illustrative purposes, are obtained by trial and error st - prsamlphr}g facr:or 5150
the power spectrum igust within the mask. As expected, yclic prefix fength [is] :

OFDMA signal requires the largest backoff, while the SC

without pilots requires the least. The SC with FET requires We then evaluate the BER performance for a coded SC sys-

0.5 dB more backoff than that of SC with FDSPd& €& 0).

tem with FFT channel estimation using FDSPT and FET. A 64-

Note that the spectral mask could have been shifted sligntlyState, rate-1/2 convolutional code with generatars, 171),
the right for FDSPT, since its net data symbol rate is slightBnd a random block interleaver are used for a frame with 10

higher, although this has not been done in the figure.

blocks. We assume independent fading channel realizagions

ery frame and each independent fading multipaths has cdssi

B. BER Performance

Jakes’ Doppler spectrum with vehicle speed of 70 km/hour.

Fig. 4. depicts the BER for an uncoded system using FDSF6r comparison, BER with channel estimation using TDM is
with different values ofn, given the channel is known. Tablealso included. The pilots are added in every frame accoriging



the row vector[1100110011], where an "1” represents pilotstones and FET, where groups of data carrying tone are
are added and a "0” represents no pilots are added in #tdfted for multiplexing of pilot tones. It was shown that
corresponding blocks. Least square linear line fitting isdusboth techniques yield larger envelope variations of the SC
to obtain the channel estimates for the blocks without gilotsignal. However, the SC signals with FDSPT and FET have
still lower PAPR than that of an OFDM signal due to the
smaller number of random data symbols contributing to the
peak envelope variations. Table 1l summarizes the adgasta
and disadvantages of using FDSPT and FET. The application
of FDSPT depends on the pilot overhead ratio and the time
variation of the channel. Channel estimation with FET arad th
using TDM pilot symbols have the same BER performance,
given that the pilot tone spacing does not exceed the maximum
value and the number of pilots are larger than the maximum
delay spread. Using FDM pilots in SC system provides the
3 option of channel estimation in frequency domain at the ex-
pense of slightly increasing the PAPR. Also, frequency dama

| signal generation and pilot multiplexing facilitates flebe and
efficient assignment of signals to available spectrum.

—e

BER

. P> TDM
10°}k| —@— FET, K=7 ETTE)
- = FET,K=8 :
—6— FDSPT, a=0
% FDSPT,a=0.2
M FDSPT,a=0.35
—— FDSPT,a=0.5
—a— FDSPT,a=0.707
5| | = = =Ideal CSI
10 "k T T T i
0 2 4 6
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Fig. 5. Performance of FDM Pilots with Coding in Urban Macroa@hel
Fig. 5 shows the BER for the system with channel estim

tion using TDM and FDM pilots, wherévV = 118 pilots are

used for blocks with pilots. We observe that with the sa

filled with pilot symbols for the cyclic prefix of the block. On
the other hand, the two dimensional FDM pilot arrangemem
requires that a maximum pilot spacing in frequency and time
axis is satisfied, which depends on the maximum delay of the
channel and the maximum Doppler frequency, respectively.
Exceeding this maximum spacing results in overlapping of
the orginal spectrum with its alias [11]. For this particulal3]
case, the maximum pilot spacing iIs = 7. For K = 8,

an error floor occurs at around BER5=x 102 as a result [4]
of spectrum aliasing. Although the higher value @fgives
better PAPR, it however produces worse BER performan
for large value ofa. Table Il summarizes the advantages
and disadvantages among different pilot arrangement sefiem
where higher PAPR means more power backoff. (6]

TABLE Il
COMPARISON OFDIFFERENTPILOT ARRANGEMENT SCHEMES

(71
(8]

Advantages Disadvantages
No BER degradation, Higher overhead,
TDM low PAPR less spectrum flexibility
No BER degradation, Higher PAPR, E)
FET good spectrum flexibility| slightly higher overhead
Least overhead, slightly higher PAPR,
FDSPT | good spectrum flexibility BER degradation
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