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LOG—LIKELIHOOD ESTIMATION BASED ON CHANNEL ESTIMATION ERRORS DUE TO GUARD
SUBBANDS

BACKGROUND
I. Field

[0002] The present disclosure relates generally to communication, and more specifically

to techniques for performing data detection and decoding in a communication system.

II. Background

[0003] A communication system may utilize multiple frequency subbands for data and

pilot transmission. These subbands may also be called tones, subcarriers, bins, and so -
on and may be obtained with orthogonal frequency division multiplexing (OFDM) or
some other modulation techniques. With OFDM, each subband is associatca with a
respective subcarrier that. may be modulated with traffic data or pilot. Pilot is data that
is known a priori by both a transmitter and a receiver. The transmitter typically sends a

pilot to allow the receiver to estimate the response of the communication channel

between the transmitter and the receiver.

[0004] A communication system may not utilize all of the available subbands for
transmission. For example, a predetermined number of subbands at each of the two |
band edges may be used as guard subbands to aliow time system to meet spectral mask
requirements. No transmissions are sent on the guard subbands, and data and pilot may
be sent on the remaining usable subbands.

[0005] The guard subbands typically have a negative effect on channel estimation since
no useful information is sent on these subbands. A degraded channel estimate due to

the guard subbands may adversely impact data detection and decoding for data sent on

the usable subbands.
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There is therefore a need in the art for techniques to account for the negative

effects due to the guard subbands.

SUMMARY

Techniques for performing data detection and decoding 1in a manner to account
for guard subbands are described herein. According to an embodiment of the invention,
an apparatus is described which includes at least one processor and a memory. The
processor(s) derive estimates of noise and estimation errors due to at least one pilot
subband being zeroed-out and not used for pilot transmission. The processor(s)
compute log likelihood ratios (LLRs) using the estimates of the noise and estimation
EITOTS.

According to another embodiment, a method is provided in which estimates of
noise and estimation errors due to at least one zeroed-out pilot subband are derived.
LILRs are then computed using the estimates of the noise and estimation errors.

According to yet another embodiment, an apparatus is described which includes
means for deriving estimates of noise and estimation errors due to at least one zeroed-
out pilot subband and means for computing LLRs using the estimates of the noise and
estimation errors.

According to yet another embodiment, an apparatus is described which includes
at least one processor and a memory. The processor(s) obtain received pilot symbols
for pilot subbands and received data symbols for data subbands. The processor(s) then
derive channel estimates based on the received pilot symbols and at least one zero for at
least one zeroed-out pilot subband. The processor(s) perform data detection on the
received data symbols with the channel estimates to obtain data symbol estimates,
derive estimates of noise and estimation errors due to the at least one zeroed-out pilot
subband, and compute LLLRs based on the data symbol estimates, the channel estimates,
and the estimates of the noise and estimation errors.

Various aspects and embodiments of the invention are described in further detail

below.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 shows a block diagram of a transmitter and a receiver.
FIG. 2 shows an exemplary subband structure for data and pilot transmission.

FIG. 3 shows a block diagram of a receive (RX) data processor at the receiver.
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FIG. 4 shows a process performed by the receiver to receive a data transmission.

DETAILED DESCRIPTION

The word “exemplary” is used herein to mean “serving as an example, instance,
or illustration.” Any embodiment described herein as “exemplary” is not necessarily to
be construed as preferred or advantageous over other embodiments.

The receiver processing techniques described herein may be used for various
communication systems such as an OFDM system, an orthogonal frequency division
multiple access (OFDMA) system, a single-carrier frequency division multiple access
(SC-FDMA) system, and so on. An OFDMA system utilizes OFDM. An SC-FDMA
system may utilize interleaved FDMA (IFDMA) to transmit on subbands that are
distributed across the system bandwidth, localized FDMA (LLFDMA) to transmit on a
block of adjacent subbands, or enhanced FDMA (EFDMA) to transmit on multiple
blocks of adjacent subbands. In general, modulation symbols are sent in the frequency
domain with OFDM and in the time domain with SC-FDMA.

FIG. 1 shows a block diagram of a transmitter 110 and a receiver 150 in a
wireless communication system 100. For simplicity, transmitter 110 and receiver 150
are each equipped with a single antenna. For the downlink (or forward link), transmmtter
110 may be part of a base station, and receiver 150 may be part of a terminal. For the
uplink (or reverse link), transmitter 110 may be part of a terminal, and receiver 150 may
be part of a base station. A base station 1s generally a fixed station and may also be
called a base transceiver system (BTS), an access point, a Node B, or some other
terminology. A terminal may be fixed or mobile and may be a wireless device, a
cellular phone, a personal digital assistant (PDA), a wireless modem card, and so on.

At transmitter 110, a pilot processor 112 generates pilot symbols. A transmit
(TX) data processor 114 processes (e.g., encodes, interleaves, and symbol maps) traffic
data and generates data symbols. As used herein, a data symbol is a modulation symbol
for data, a pilot symbol is a modulation symbol for pilot, a modulation symbol is a
complex value for a point in a signal constellation (e.g., for PSK or QAM), and a
symbol is a complex value. A modulator 120 receives and multiplexes the data symbols
and pilot symbols, performs modulation (e.g., for OFDM or SC-FDMA) on the
multiplexed data and pilot symbols, and generates transmission symbols. A transmitter

unit (TMTR) 132 processes (e.g., converts to analog, amplifies, filters, and frequency
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upconverts) the transmission symbols and generates a radio frequency (RF) modulated
signal, which is transmitted via an antenna 134.

At receiver 150, an antenna 152 receives the RF modulated signal irom
transmitter 110 and provides a received signal to a receiver unit (RCVR) 154. Recerver
unit 154 conditions (e.g., filters, amplifies, frequency downconverts, and digitizes) the
received signal and provides input samples. A demodulator 160 performs demodulation
(e.g., for OFDM or SC-FDMA) on the input samples to obtain received symbols.
Demodulator 160 provides received pilot symbols to a channel processor 170 and
provides received data symbols to a data detector 172. Channel processor 170 derives
channel estimates for the wireless channel between transmitter 110 and receiver 150 and
estimates of noise and estimation errors based on the received pilot symbols. Data
detector 172 performs data detection (e.g., equalization or matched filtering) on the
received data symbols with the channel estimates and provides data symbol estimates,
which are estimates of the data symbols sent by transmitter 110. An RX data processor
180 processes (e.g., symbol demaps, deinterleaves, and decodes) the data symbol
estimates and provides decoded data. In general, the processing at receiver 150 1is
complementary to the processing at transmitter 110.

Controllers/processors 140 and 190 direct the operation of various processing
units at transmitter 110 and receiver 150, respectively. Memories 142 and 192 store
program codes and data for transmitter 110 and receiver 150, respectively.

FIG. 2 shows an exemplary subband structure 200 that may be used for system
100. The system has an overall system bandwidth of BW MHz, which is partitioned
into multiple (K) orthogonal subbands. K may be any integer value but is typically a
power of two (e.g., 64, 128, 256, 512, 1024, and so on) in order to simplify the
transformation between the time and frequency domains. The spaciné between adjacent
subbands is BW/K MHz.

In a spectrally shaped system, G subbands are not used for transmission and
serve as guard subbands to allow the system to meet spectral mask requirements, where
typically G>1. The G guard subbands are often distributed such that approximately

G/2 guard subbands are at the lower band edge (which are called lower guard
subbands) and approximately G/2 guard subbands are at the upper band edge (which
are called upper guard subbands). The remaining M subbands may be used ftor
transmission and are called usable subbands, where M =K —G. As used herein, a data

subband is a subband used for data transmission, and a pilot subband is a subband used
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for pilot transmission. A given subband may be used as a pilot subband in one symbol
period and as a data subband in another symbol period.

To facilitate channel estimation, a pilot may be transmitted on subbands that are
uniformly distributed across the entire system bandwidth. A set of N subbands may be
defined such that consecutive subbands in the set are spaced apart by S subbands, where
K =S-N. Some of the subbands in this set may be among the lower guard subbands
and would not be used for pilot transmission, and some other subbands in the set may be
among the upper guard subbands and would also not be used for pilot transmission. For
the example shown in FIG. 2, the first L. subbands in the set are not used for pilot
transmission and are called zeroed-out pilot subbands, the next P subbands in the set are
used for pilot transmission and are called used pilot subbands, and the last U subbands
in the set are zeroed-out pilot subbands, where N=L+P+U.

Data and pilot may be sent on the usable subbands using OFDM or SC-FDMA.
An OFDM symbol may be generated as follows. Up to M modulation symbols may be
mapped to the M usable subbands and zero symbols with signal value of zero are
mapped to the remaining subbands. A K-point inverse fast Fourier transform (IFFT) or
a K-point inverse discrete Fourier transform (IDFT) 1s performed on the K modulation
symbols and zero symbols to obtain a sequence of K time-domain samples. The last C
samples in the sequence are copied to the start of the sequence to form an OFDM
symbol that contains K+C samples. The C copied samples are often called a cyclic
prefix or a guard interval, and C is the cyclic prefix length. The cyclic prefix is used to
combat intersymbol interference (ISI) caused by frequency selective fading, which 1s a
frequency response that varies across the system bandwidth.

An SC-FDMA symbol may be generated as follows. T modulation symbols to
be sent on T subbands are transformed to the frequency domain with a T-point fast
Fourier transform (FFT) or a T-point discrete Fourier transform (DFT) to obtain T
frequency-domain symbols, where T may be equal to N and 1n general T<M. The T
frequency-domain symbols are mapped to the T subbands used for transmission, and
zero symbols are mapped to the K—T remaining subbands. A K-point IFET/IDFET 1s
then performed on the K frequency-domain symbols and zero symbols to obtain a
sequence of K time-domain samples. The last C samples in the sequence are copied to
the start of the sequence to form an SC-FDMA symbol that contains K +C samples.

A transmission symbol may be an OFDM symbol or an SC-FDMA symbol. The

K +C samples of a transmission symbol are transmitted m K +C sample/chip periods.
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A symbol period is the duration of one transmission symbol and is equal to K+C
sample/chip periods. In general, a transmission symbol may contain any Information
(e.g., traffic data and/or pilot) on any number of subbands and any one of the usable

subbands.

Table 1 shows exemplary values for various system parameters described above.

In general, a system may utilize any values for these parameters.

Table 1 — Exemplary Parameter Values

Value
1024
136
888
128
111

HH Q lI

As noted above, the receiver processing techniques may be used for various
communication systems and for the downlink as well as the uplink. For clarity, the
techniques are described below for an OFDM-based system. In the following

description, vectors are denoted by bolded and underlined texts with subscript indicating

the vector length, e.g., h, for an Nx1 vector or H, for a Kx1 vector, where the

“X17 1s implicit and omitted for clarity. Matrices are denoted by bolded and underlined

texts with subscript indicating the matrix dimension, e.g., W, for a PxN matrix.
Time-domain vectors are generally denoted with lower case texts (e.g., hy) and

frequency-domain vectors are generally denoted with upper case texts (e.g., Hy).

The wireless channel between transmitter 110 and receiver 150 may be
characterized by either a time-domain channel impulse response or a corresponding
frequency-domain channel frequency response. The channel frequency response is the
FFT/DFT of the channel impulse response. This relationship may be expressed in

matrix form as follows:

He =Wy by, Eq (1)
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where h, is a Kx1 vector for the impulse response of the wireless channel;
H, is a Kx1 vector for the frequency response of the wireless channel; and

W..« is a KxK Fourier matrix.

The Fourier matrix W, is defined such that the element in the n-th row and m-th

column 1s given as:

w o= - : forn=1,.... K and m=1,..,K. Eq (2)

For simplicity, the channel impulse response is assumed to be equal to or shorter

than the cyclic prefix length. This condition ensures that the K total subbands are

orthogonal to one another. The time-domain vector hy, may then be defined as:

=2
A
|

|, Eq (3)
\QK—C y,

where h. is a Cx1 vector for the channel impulse response without excess delay; and

0, . is a (K—C)x1 vector containing all zeros.

Transmitter 110 transmits data and pilot symbols on the usable subbands to

receiver 150. The data and pilot symbols may be assumed to have an average energy of

E, or E{|X(k)|2 }=E_, where E{} denotes an expectation operation and X(k) 1s a

symbol transmitted on subband k. For simplicity, the following description assumes

that each symbol is transmitted at unit power so that E  =1.

The received symbols obtained by receiver 150 may be expressed as:

XK:HK°_X;K+_T]_K ; Eq (4)

—

where X, is a Kx1 vector containing the transmitted symbols for the K subbands;
Y, is a Kx1 vector containing the received symbols for the K subbands;

n, isak %1 vector of noise and interference for the K subbands; and

“o” denotes an element-wise product.

Equation (4) assumes that the channel response 18 constant over a symbol period

and that Doppler is sufficiently low so that there is no inter-chip interference (ICI).
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Equation (4) further assumes that the channel impulse response is shorter than the cyclic

pretix so that there is no inter-symbol interference (ISI). Each entry of X may be a

data symbol for a data subband, a pilot symbol for a pilot subband, or a zero symbol for

an unused subband (e.g., a guard subband). The data symbols may be assumed to be

independent with zero mean so that a covariance matrix of X, may be given as

W grar—

Cux =E{ X, X7 }=1I,., where “ ¥ denotes a comjugate transpose and I, . is a

KX K 1dentity matrix. The noise and interference may be assumed to be additive white

Gaussian noise (AWGN) with a zero mean vector and a covariance matrix of
Eim, 321( } =N, -Lg.x » Wwhere Ny is the variance of the noise. Each entry of N, isa

zero-mean complex Gaussian random variable with variance of Ny. For simplicity, the
noise and interference is referred to as simply “noise” in the following description.
If all N pilot subbands are usable for pilot transmission, then the received pilot

symbols may be expressed as:

=EN +I]-N ’ Eq (5)

=_W—.NXN .hN +DN ?

where X\ is an N X1 vector containing the transmitted pilot symbols;

Y isan N X1 vector containing the received pilot symbols;

h
h, = [ O J 1s an N X1 vector for a zero-padded channel impulse response; and
—~N-C

M 1san N X1 vector of noise for the N pilot subbands.

For simplicity, the second equality in equation (5) assumes that each of the pilot

symbols has a complex value of 1+ jO and a magnitude of ./E. =1. In this case, the

rece1ved pilot symbols are simply noisy versions of the channel gains in H,,, which are
equal to the time-domain channel impulse response hy transformed to the frequency

domain by the Fourier matrix W . , as shown by the third equality in equation (5).

Various techniques may be used to estimate the channel impulse response based

on the received pilot symbols. These techniques include a least-squares (LS) technique,
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a minimum mean square error (MMSE) technique, a robust MMSE technique, a zero-

torcing (ZF) technique, and so on.

[0037] A least-squares channel impulse response estimate ﬁi, may be derived as:
A ls _
hy =Wy Yy
—1 , . .
= W - (Wi “hy +HN) ; Eq (6)
:l—lN +_W_1:IIxN .—T-].N 7
1 H

where W, = < Wi - Equation (6) indicates that the least-squares channel impulse

response estimate may be obtained by simply taking an N-point IFFT/IDFT of the

received pilot symbolsin Y.

4

[0038] An MMSE channel impulse response estimate h . may be derived as:

A mmse

h, =¥, W_XN [W o - Wi - WNxN ..._.:m]_l Eq (7)

where W, = E{h, -h%} is the autocovariance of the channel 1mpulse response; and

Ay =E{Nn -p_};} 1s the autocovariance of the noise for the pilot subbands.

A rmmse

[0039] A robust MMSE channel impulse response estimate h,  may be derived as:
prme 1 gy
UN ) 1+N0 YL NXN T AN Eq (8)

Equation (8) assumes that (a) the taps in the channel impulse response are uncorrelated

and have equal power, so that ¥,, =1, and (b) the noise M. 18 AWGN, so that

—

A =Ny 1w

=
[0040] The receiver processing techniques described herein may be used in combination
with any channel estimation technique. For clarity, the techniques are described below

for the least-squares technique and assume that the least-squares channel impulse

A ls

response estimate hy is derived. The superscript “ “ ” is omitted in the tollowing

description for clarity.
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[0041] A full channel frequency response estimate EK for all K total subbands may be

obtained by (1) zero padding the least-squares channel impulse response estimate to

length K and (2) taking a K-point FFI/DFT of the zero-padded channel impulse

response estimate, as follows:

)
A h
Hy = .....V‘_]KXK 1 = 5
\.Q K-N /
’ h A -1
= Wik |+ Wik {ENXN L N] ) Eq (9)
\0 xn/ 0x N
(w1 A
:HK +EK><K ' ENXN HN 3
\ .Q K-N /
( h,
where Hy = Wi - 0‘"’ since the channel impulse response 1is assumed to be
\ ~— K-N
shorter than the cyclic prefix.
[0042] If only P pilot subbands are used for pilot transmission, as shown in FIG. 2, then

the received pilot symbols for the P used pilot symbols may be expressed as:
YP:EMN'QN+HP ; Eq (10)

where Y, is a Px1 vector with received pilot symbols for the P used pilot subbands;

W, is a PXN submatrix of Wy, ; and

M, isa Px1 vector of noise for the P used pilot subbands.

W, contains P rows of Wy, corresponding to the P used pilot subbands. For the

example shown in FIG. 2, W, contains rows L+1 through N—-U of Wy -
[0043] Receiver 150 may fill the zeroed-out pilot subbands with zero symbols to obtain

an N x1 zero-filled received vector Y, which may be expressed as:

(_QL\ (QLxN\ ((_).L\
Yy=|Yp |=| Woe |hy+ n. E Eq (11)
\QUJ \QUxN) \QU/
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Equation (11) may be expanded as follows:
| /...WLXN \_ /Q L\
Yy ={Wun—| Opn {['Batim, |
5 \_Y‘_]UXN J \Q U/
W) (00
=W By =] Opy "B+ M, | > Eq (12)
\‘—N-UXN Y, \Q U/)
:_WNXN .-h-N +-ﬁN ?
where N =€y+1M > Eq (13)
(l)v_..LxN \ /‘—?V"LXN )
Ex = Opa |"By = _ngN -hy , with ngN =| 0 pxn J; Eq (14)
\—-W—U><N y, L,..W—UxN
0 LXN ( 0o \
ﬁNz | PN 'BN:..B..NxN'nNa with B yov =| Lpav |5 Eq (15)
\QxMN LQLMN/

[0044]

[0045]

W, . is an LXxN matrix containing the first L rows of W corresponding to

the L zeroed-out pilot subbands in the Jower band edge; and

W, is a UxXN matrix containing the last U rows of W . corresponding to

the U zeroed-out pilot subbands in the upper band edge.

Vector ﬁ g includes the noise and estimation errors for the N subbands for the

zero-filled least-squares (ZoLS) channel impulse response estimate, which 1s a channel

impulse response estimate obtained using the least-squares technique with the zeroed-

out pilot subbands filled with zeros. Vector g, includes an aliasing term introduced by

ZoLS, and matrix ngN is responsible for the aliasing. In general, vector € may be

different for different channel estimation techniques and may

channel estimation techniques by one skilled in the art.

A full channel frequency response estimate H, forall K

be derived for other

total subbands may be

obtained by zero-padding vector iN to length K and taking a K-point FFT/DFT of the

zero-padded vector, e.g., as shown in equation (9).
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[0046] To summarize, the received pilot symbols Y, without zeroed-out pilot

subbands and the received pilot symbols Y

B

n With zeroed-out pilot subbands may be

given as:
Yy =Wy -hy+1 y > and Eq (16)
Y_N :_W;NxN'.llN+ﬁN - Eq (17)

Equations (16) and (17) indicate that the difference between Y, and Y, is the noise

terms n. and ﬁN.

)

[0047] The full channel frequency response estimate H, without zeroed-out pilot

P —

~

subbands and the full channel frequency response estimate H, with zeroed-out pilot

——h e

subbands may be given as:

) /W—1 ""I )
He =H + W] 700 =N |=Hg sl and Eq (18)
\ 0k Y,
~ W -1 _
Hy =Hy +EK><K’(_—3N DN]’—"EK TNy > Eq (19)
Y K-N

w-! =

~ W

where N, =Wy —— TN -T-]-N) : Eq (20)

L Ok

Equations (18) and (19) indicate that the difference between H_K and HK 1s the noise
terms N and 1 _ .

[0048] Equation (4) for the received symbols may be rewritten as follows:

Eq (21)
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where Z; 1s a K X1 vector containing both noise . and channel estimation errors

- Xy °Ng-

[0049] Vector Zy for the noise and estimation errors may be expressed as:

(W2 5 )
=—Xk oWy | 7 Iy TNy s Eq (22)

__ rgChannel noise
T Z.K + ZK >

channel

where Z 1s a channel-related part of Z, and may be given as:
caanne Wh];( )
ZKh = Xx o Wi ’(—_N Y QNXN] by, Eq (23)

and Zy"™ is a noise-related part of Z, and may be given as:

(a7l A
noise .._V‘_] X B X
Ly :HK“.}_{KO.‘EKxK" N My - Eq (24)
\. Q (K-N)XN )
[0050] Equation (22) partitions Z into the channel-related part Z5“"" and the noise-

noise

related part Zy . Equations (23) and (24) are obtained by substituting T . 1n the

second equality of equation (22) with the expressions shown in equations (13) through

(15) and then expanding the resultant expression. Zg%"™ and Z3™ are not independent

since they both contain X, . Z%™" contains channel estimation errors due to the guard

subbands, and Z, ~ contains thermal noise and noise due to channel estimation errors

from the guard subbands. Equations (23) and (24) are specific to the least-squares
channel impulse response estimate. The channel-related part and the noise-related part

may be different for other channel estimation techniques.

[0051] Receiver 150 may recover the transmitted symbols in X, by performing data

P pe—

detection (e.g., equalization) on the received symbols in Y , as follows:
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Ug =;H;; oYy Eq (25)
S|

:"EK ”2 oAy + Vg ,

where Uy, 1s a K X1 vector containing data symbol estimates, which are estimates of

the transmitted symbols in X, ;

L 4

| EIK 1*=H, ofI_K 1s a K X1 vector containing the squared magnitude of the K

channel gains in H ; and

~ K

Vi =H; oZ, is a K X1 vector of post-detection noise.

[0052] Transmitter 110 typically encodes traffic data based on a coding scheme (e.g., a
convolutional code or a Turbo code) to generate code bits. Transmitter 110 then
interleaves the code bits and symbol maps the interleaved bits to generate data symbols.
Each data symbol is generated with B bits, where B may be equal to 1 for BPSK, 2 for
QPSK, 3 for 8-PSK, 4 for 16-QAM, and so on.

[0053] Receiver 150 performs data detection to obtain vector U, containing data

symbol estimates for the data subbands. Receiver 150 typically computes log likelihood
ratios (LLRs) for the bits that make up the data symbols. The LLR for each bit indicates
the likelihood of that bit being a one (‘1’) or a zero (‘0’). The LLRs may be obtained

based on conditional probabilities prob (Y |X.,H,), which means the probability of

L 4

receiving Y, given X, and H;. The exact expression for the conditional

et lEPE—

probabilities is complicated. The expression may be simplified by approximating Z,
as AWGN. A covariance matrix of Zy may then be used to compute the LLRs for the

data symbols.

[0054] The covariance matrix of Z,, C,,, may be expressed as:

C,, = E{[Zx — E(Z)} [Zyx — E(Zk)]"} . Eq (26)

channel

Z may be partitioned into the channel-related part Z; and the noise-related part

channel

Z*, as shown in equations (22) through (24). The covariance of Zy may be

noise

/ ! . : .
denoted as C,;" , and the covariance of Zy = may be denoted as C,o°. To obtain an

channel

upper bound on the covariance of the sum of Z; and Z'ﬁm , these two vectors may
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channel

be treated as independent vectors, the covariance matrices of Zy and Z%"° may be

determined, and these two covariance matrices may be summed.

[0055] For the channel-related part fo“""d _an assumption may be made that all taps of

the channel impulse response are independently and identically distributed (1.1.d.)
Rayleigh multiplied with a scalar given by a power profile for the channel. A channel
power profile is indicative of the long-term time-averaged energy of the channel taps in

an impulse response for a wireless channel. With the above assumption, the mean value

channel -

of all entries in Zy is zero, with the expectation taken over different channel

realizations and transmitted symbols.

[0056] The main diagonal of C5,"™ for the data subbands may be given as:
diag (Coy™" ) e = diag (2 Ry, - @ Do - Eq (27)

where @ =Wy |

R, =E{h .h’.} is the autocovariance of the channel impulse response.

R, is a KxK diagonal matrix if the channel taps are independent. The diagonal

R,, may be obtained based on a

entries of R, are given by the channel power profile.

A H

long-term average of the outer product h . -h' . Alternatively, the channel taps may be

assumed to have equal power, and each of the C leftmost diagonal entries of R,. may

be set equal to 1/C to make the overall power gain for the wireless channel equal to

one. In equation (27), multiplications of big matrices may be avoided in the

computation of P .R,” since a multiplication by W, may be performed with a K-

point FFT/DFT and a multiplication by W may be performed with an N-point
IFFT/IDFT.

[0057] For the noise-related part Z_’Iff“e , the noise vector M . for the N pilot subbands

may be given as:

My =Lk Ny s Eq (28)



CA 02584442 2007-04-11

WO 2006/042326 PCT/US2005/037077

[0058]

[0059]

(0060}

16

where I ¢ 1s an NXK matrix containing N ones in N rows, with these N ones being

in N columns corresponding to the N pilot subbands. A matrix ©,., may be defined as:

%71 A
‘_W_NxN ) .BNXN

' 1 NxK ° Eq (29)

..@_KXK - Y RxK O
\  — (K-N)xN )

Equation (24) may then be rewritten as follows:
Z?{om = (IKXK - ..;X_K © @KXK) ‘M X Eq (30)

Equation (30) indicates that Zy™ is a product of two independent random quantities — a

random matrix (I, —X

A

k °Ox.) and a random Gaussian vector 1 - Equation (30)

may be adjusted for to account for noise reduction due to time filtering. For example,

equation (30) may be adjusted by the sum of the squares of the time-filtering

coetficients. As an example, matrix @, may be multiplied by a scalar that depends

on the time-filtering coefficients.

The noise N . 18 assumed to be AWGN with a zero-mean vector of E {n A=0

and a covariance of E{n " -ni]{} =N, I« . The noise-related part Z; ° then has zero

noise noise

mean, or E{Zx }=0, and a covariance of C.,”, which may be expressed as:

;C_gse =No E{ (I.ka _XK OQKxK)'(.I_KxK ""XK O@KXK)H} >

Eqg (31)
=Ny (Igux + O QEXK) '

In equation (31), the first equality may be expanded to obtain four intermediate terms.

Two of these intermediate terms, E{X, c©, . I’ .} and E{l g X 0O )}, are

equal to zero because of the multiplication by X, . C.5* contains the two remaining

Ty

intermediate terms.

Matrix ©,. may be written in terms of its rows as:

.@KxK — ) Eq (3 2)
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where 9,, for k=1,..,K, is a 1xK row vector for the k-th row of Oy.. The

noise

covariance of Z% = may then be expressed as:

C% = N, [ Lo +diag (|0, 17 10,117 - 18 11°) - Eq (33)

Equations (15) and (29) through (33) indicate that, for the least-squares channel
estimation technique, the covariance of the noise-related part, C>>* | is dependent solely

on the subband structure, which is defined by O,k and By, -

[0061] The covariance matrix of Z, may then be expressed as:
sz _ ngzclmnel +- Qgse , Eq (3 4)
where C2™ and C,* may be derived as described above for equations (27) and (31),

respectively. C,, is a KxK diagonal matrix containing the variance of the noise and

estimation errors for the K total subbands. The k-th diagonal element of C,, 18 an

estimate of the noise and estimation error for subband k. The estimates of the noise and
estimation errors may be used to compute the LLRs for the data symbols received on

the data subbands.
[0062] The received data symbol for each data subband k may be expressed as:

Y(k)=H(k)-X(k)+N(k) , Eq (35)

where X (k) is a transmitted data symbol for subband k;
Y (k) is a received data symbol for subband £;
H (k) is a complex channel gain for subband k; and

N (k) is the noise for subband k.

[0063] The receiver may perform data detection for each subband % as follows:
Uk)=H"(k)-Y(k) , Eq (36)

where H (k) is a channel gain for subband £, which 1s the k-th element of EK - and

U (k) is a data symbol estimate for subband k, which is an estimate of X (k).
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[0064] Data symbol X (k) is defined by B bits and corresponds to one of 2° possible

points in a signal constellation. The receiver may compute an LLLR for each of the B

bits of data symbol X (k) as follows:

> exp{-|Y(k)-H(k)-C|* Io*(k)}
- -C:bj(_C')=1“ _ ) B ) '
EL&y =os Y exp{-|Y(k)-H(k)-C|* Io*(k)} e

C:b}-(C)r-O

where LLR, is the LLR for the j-th bit of data symbol X (k);

C is one of the 2° possible modulation symbols for the signal constellation;

b.(C)=1 denotes that C has ‘1’ for the j-th bit;

b (C) =0 denotes that C has ‘0’ for the j-th bit; and

o 2(k) is the variance of the noise in N (k).

[0065] In equation (37), the summation in the numerator is over all modulation symbols
having ‘1’ for the j-th bit, and the summation in the denominator 1s over all modulation
symbols having ‘0’ for the j-th bit. Each of the 2” possible modulation symbols is thus
considered in either the numerator or the denominator. For each modulation symbol C,

a received symbol estimate is obtained as H(k)-C(k) and subtracted from the received

data symbol Y (k) , and the resultant error is divided by the noise variance o*(k). The

k-th diagonal element of C,, may be used for o (k). The LLRs computed for the

received data symbols may be decoded in a manner known in the art.
[0066] FIG. 3 shows a block diagram of an embodiment of RX data processor 180 at
receiver 150. Within RX data processor 180, an LLR computation unit 310 receives (1)

the data symbol estimates U, from data detector 172 and (2) the channel estimates H,

and the estimates of the noise and estimation errors, C,,, from channel processor 170.

Unit 310 computes the LLRs for the code bits of each data symbol estimate based on the
received quantities, e.g., as shown in equation (37). A deinterleaver 312 deinterleaves
the LLRs from unit 310 in a manner complementary to the interleaving performed by
transmitter 110 and provides deinterleaved LLRs. A decoder 314 decodes the
deinterleaved LLRs based on the coding scheme used by transmitter 110 and provides

decoded data.
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Data detector 172 and decoder 314 may perform iterative detection and
decoding for multiple iterations to improve performance. For each iteration, decoder
314 provides decoder LLRs, which are interleaved by an interleaver 322 and provided
to data detector 172. Data detector 172 derives new data symbol estimates based on the
received data symbols, the channel estimates, and the decoder LLLRs. The new data
symbol estimates are used to compute new LIRs, which are again decoded by decoder
314.  The reliability of the data symbol estimates improves with each detection/
decoding iteration. After all iterations have been completed, decoder 314 slices the
final LILLRs to obtain the decoded data.

Channel processor 170 and decoder 314 may also perform iterative channel and
noise estimation and decoding for multiple iterations. For each iteration, decoder 314
provides the decoder LLRs to channel processor 170, which derives new channel
estimates and/or new estimates of the noise and estimation errors based on the received
ptlot symbols and the decoder LLRs. The new channel estimates may be used for data
detection, and the new channel estimates and/or new estimates of the noise and
estimation errors may be used to compute new LLRs.

FIG. 4 shows a process 400 performed by receiver 150 to recover a data
transmission sent by transmitter 110. Receiver 150 obtains received pilot symbols for
pilot subbands and received data symbols for data subbands (block 412). The received
pilot symbols and received data symbols may be obtained by performing demodulation

(e.g., for OFDM or SC-FDMA) on the input samples from a receive antenna.
Channel estimates H, are derived based on the received pilot symbols with the

zeroed-out pilot subbands filled with zeros (block 414). The channel estimation may be
performed using various channel estimation techniques, as described above. Data
detection i1s performed on the received data symbols with the channel estimates to
obtain data symbol estimates (block 416). Estimates of noise and estimation errors due

to the zeroed-out pilot subbands are derived (block 418). This may be achieved by

channel

dertving a first covariance matrix C,;" for the channel-related part of the noise and

noise

estimation errors, deriving a second covariance matrix C,, for the noise-related part

of the noise and estimation errors, and deriving a covariance matrix C,, for the total

noise and estimation errors based on the first and second covariance matrices. For the
least-squares channel estimation technique, the first covariance matrix may be derived

based on the channel impulse response estimate, and the second covariance matrix may
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be derived based on the subband structure used for transmission, as described above. In
general, the estimates of the noise and estimation errors may be explicitly or implicitly
computed.

IIRs are then computed based on the data symbol estimates, the channel

estimates, and the estimates of the noise and estimation errors, which are contained in

the covariance matrix C,, (block 420). The LLRs are deinterleaved and decoded to

obtain decoded data for receiver 150 (block 422).

The techniques described herein can calculate LLRs 1n a manner to account for
noise and estimation errors due to zeroed-out pilot subbands, which may improve
performance. The zeroed-out pilot subbands typically have an adverse effect on noise
and channel estimation and result in estimation errors. The variance of the noise and
estimation errors may be derived and used to compute the LLRs, as described above.
Computer simulations indicate that a gain of more than 1 decibel (dB) may be achieved
for the exemplary OFDM system given above in Table 1 at a frame error rate (FER) of
1%.

Those of skill in the art would understand that information and signals may be
represented using any of a variety of different technologies and techniques. For
example, data, instructions, commands, information, signals, bits, symbols, and chips
that may be referenced throughout the above description may be represented Dby
voltages, currents, electromagnetic waves, magnetic fields or particles, optical fields or
particles, or any combination thereof.

Those of skill in the art would further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithm steps described 1n connection with the
embodiments disclosed herein may be implemented as electronic hardware, firmware,
computer software, or combinations thereof. To clearly illustrate this interchangeability
of hardware, firmware and software, various illustrative components, blocks, modules,
circuits, and steps have been described above generally in terms of their functionality.
Whether such functionality is implemented as hardware, firmware and/or software
depends upon the particular application and design constraints imposed on the overall
system. Skilled artisans may implement the described functionality in various ways for
each particular application, but such implementation decisions should not be interpreted

as causing a departure from the scope of the present invention.
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{

The varnious illustrative logical blocks, modules, and .circuits described in

connection with the embodiments disclosed herein may be implemented or performed

with a general-purpose processor, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field programmable gate array (FPGA), or other
programmable logic device (PLD), discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform the functions de;sc.ribed
herein. A general-purpose processor may be a microprocessor, but in the alternative,
the processor may be any conventional processor, controller, microcontroller, or state

machine. A processor may also be implemented as a combination of computing

devices, e.g.,, a combination of a DSP and a microprocessor, a plurality of

~ mMiCroprocessors, one Or more MiCroprocessors In conjunction with a DSP core, or any

other such configuration.

The steps of a method or algonthm described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a firmware/
software module executed by a processor, or in a combination of the two. A firmware/
software module may reside in RAM memory, flash memory, ROM memory, EPROM
memory, EEPROM memory, registers, hard disk, a removable disk, a CD-ROM, or any
other form of storage medium known in the art. An exemplary storage medium is
coupled to the processor such that the processor can read information from, and wnte
information to, the storage medium. In the alternative, the storage medium may be
integral to the processor.. The processor and the storage medium may reside in an
ASIC. The ASIC may reside in a user terminal. In the alternative, the processor and the
storage medium may reside as discrete components in a user terminal.

The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
ihese embodiments will be readily apparent to those skilled in the art, and the generic

principles defined herein may be applied to other embodiments without departing from '

the scope of the invention. Thus, the present invention is not intended to be limited

to the embodiments shown herein but is to be accorded to the widest scope

“consistent with the principles and novel features disclosed herein.
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CLAIMS
What 1s claimed 1s:

. An apparatus comprising:

at least one processor configured to derive estimates of noise and estimation
errors due to at least one pilot subband being zeroed-out and not used for pilot
transmission, and to compute log likelihood ratios (ILLRs) using the estimates of the
noise and estimation errors; and

a memory operatively coupled to the at least one processor.

2. The apparatus of claim 1, wherein the at least one processor is
configured to derive channel estimates based on received pilot symbols and to compute

the LLRs using the channel estimates and the estimates of the noise and estimation

CITOTS.

3. The apparatus of claim 1, wherein the at least one processor 1s
configured to derive channel estimates based on received pilot symbols, to perform data
detection on received data symbols with the channel estimates to obtain data symbol
estimates, and to compute the LLRs based on the data symbol estimates, the channel

estimates, and the estimates of the noise and estimation errors.

4. The apparatus of claim 2, wherein the at least one processor is
configured to obtain the received pilot symbols from a plurality of pilot subbands

uniformly distributed across system bandwidth and including the at least one zeroed-out

pilot subband.

5. The apparatus of claim 2, wherein the at least one processor 18
configured to derive the channel estimates by replacing at least one received symbol for

the at least one zeroed-out pilot subband with zero.

6. The apparatus of claim 2, wherein the at least one processor 18
configured to derive the channel estimates based on a least-squares channel estimation

technique.

7. The apparatus of claim 2, wherein the at least one processor is

configured to derive the channel estimates based on a minimum mean square error
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(MMSE) technique, a robust MMSE channel estimation technique, or a zero-forcing

(ZF) channel estimation technique.

8. The apparatus of claim 1, wherein the at least one processor 1is

configured to derive channel estimates based on a channel estimation téchnique, to
derive the estimates of the noise and estimation errors based on the channel estimatiop

technique, and to compute the LLRs using the channel estimates and the estimates of

the noise and estimation errors.

0. The apparatus of claim 1, wherein the at least one processor 1s

configured to derive a channel-related part of the noise and estimation errors, to derive a
noise-related part of the noise and estimation errors, and to derive the estimates of the

noise and estimation errors based on the channel-related part and the noise-related part.

10. The apparatus of claim 1, wherein the at least one proceSsor 1S
configured to derive a first covariance matrix based on a channel impulse response
estimate, to derive a second covariance matrix based on a subband structure used for
transmission, to derive a third covariance matrix for the noise and estimation errors

based on the first and second covariance matrices, and to compute the LLRs using the

third covariance matnx.

'11.  The apparatus of claim 1, wherein the at least one processor is

configured to perform decoding the LLRs to obtain decoded data.

12. The apparatus of claim 1, wherein the at least one processor 1s

configured to perform demodulation for orthogonal frequency division multiplexing
(OFDM) to obtain received pilot symbols for subbands used for pilot transmission and

received data symbols for subbands used for data transmission.

13. The apparatus of claim 1, wherein the at least one processor is
configured to perform demodulation for single-carrier frequency division multiple
access (SC-FDMA) to obtain received pilot symbols for subbands used for pilot

transmission and received data symbols for subbands used for data transmission.
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14.  An apparatus comprising:

at least one processor configured to obtain received pilot symbols for a plurality
of pilot subbands and received data symbols for a plurality of data subbands, to derive
channel estimates based on the received pilot symbols and at least one zero for at least
one zeroed-out pilot subband not used for pilot transmission, to perform data detection
on the received data symbols with the channel estimates to obtain data sjmbol |
estimates, to derive estimates of noise and estimation errors due to the at least one
zeroed-out pilot subband, and to compute log likelihood ratios (LLLRs) based on the data

symbol estimates, the channel estimates, and the estimates of the noise and estimation

errors; and

a memory operatively coupled to the at least one processor.

15. The apparatus of claim 14, wherein the at least one processor is

configured to dertve the channel estimates based on a channel estimation technique, to
denve the estimates of the noise and estimation errors based on the channel estimation

- technique, and to compute the LLRs using the channel estimates and the estimates of

the noise and estimation errors.

16. A method of processing data, comprising:
deriving estimates of noise and estimation errors due to at least one pilot

subband being zeroed-out and not used for pilot transmussion; and

computing log likelihood ratios (LLRs) using the estimates of the noise and

estirnation errors.

17. The method of claim 16, further comprising:

deriving channel estimates based on received pilot symbols, and wherein the

LLRs are computed using the channel estimates and the estimates of the noise and -

estimation erroxs.

18. The method of claim 16, wherein the deriving the channel estimates
comprises deriving the channel estimates by replacing at least one received symbol for

the at least one zeroed-out pilot subband with zero.

19.  The method of claim 16, further comprising:
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deriving channel estimates based on a channel estimation technique, wherein the
estimates of the noise and estimation errors are derived based on the channel estimation
technique, and wherein the LLRs are computed using the channel estimates and the

estimates of the noise and estimation errors.

20.  An apparatus comprising:

means for deriving estimates of noise and estimation errors due to at least one
pilot subband being zeroed-out and not used for pilot transmission; and

means for computing log likelihood ratios (LLRs) using the estimates of the

noise and estimation errors.

21.  The apparatus of claim 20, further comprising:
means for deriving channel estimates based on received pilot symbols, and
wherein the means for computing the LLRs comprises means for computing the

LLRs using the channel estimates and the estimates of the noise and estimation errors.

22.  The apparatus of claim 20, wherein the means for deriving the channel
estimates comprises means for deriving the channel estimates by replacing at least one

received symbol for the at least one zeroed-out pilot subband with zero.

23.  The apparatus of claim 20, further comprising:

means for deriving channel estimates based on a channel estimation technique,
and wherein the means for deriving the estimates of the noise and estimation errors
comprises means for deriving the estimates of the noise and estimation errors based on
the channel estimation technique, and wherein the means for computing the LIRS
comprises means for computing the LLRs using the channel estimates and the estimates

of the noise and estimation errors.
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Obtain received pilot symbols
for pilot subbands and received
data symbols for data subbands

Derive channel estimates
based on the received pilot
symbols with the zeroed-out

pilot subbands filled with zeros

Perform data detection on
the received data symbois
with the channel estimates to
obtain data symbol estimates

418

Derive estimates of noise and
estimation errors due to the
zeroed-out pilot subbands

420

Compute LLRs based on the data
symbol estimates, the channel
estimates, and the estimates of
the noise and estimation errors

422

Perform decoding on the LLRs
to obtain decoded data
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