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Abstract—This paper presents a link adaptive processor to per-
form low-complexity channel estimation and QR decompositin
(QRD) in Long Term Evolution-Advanced (LTE-A) receivers. The
processor utilizes frequency domain correlation of the prpaga-
tion channel to adaptively avoid unnecessary computationsn
the received signal processing, achieving significant corgxity
reduction with negligible performance loss. More specificly, a
windowed Discrete Fourier transform (DFT) algorithm is used to
detect channel conditions and to compute a minimum number of
sparse subcarrier channel estimates required for low comlxity
linear QRD interpolation. Furthermore, the sparsity of subcarrier
channel estimates can be adaptively changed to handle diffmt
channel conditions. Simulation results demonstrate a redetion
of 40%-80% in computational complexity for different channel
models specified in the LTE-A standard.

Keywords—Wireless communication, MIMO, Channel estima-
tion, OFDM, Adaptive signal processing.

I. INTRODUCTION

The requirement for high speed wireless communication
limited frequency bands and fluctuating channel condition
has made Multiple-Input Multiple-Output (MIMO) a widely
adopted technique in many radio standards, including tHeR8G
Long Term Evolution-Advanced (LTE-A). To fully utilize the

capabilities of LTE-A systems, sophisticated signal pssagg

operations are required. Among others, accurate channel
timation and the following channel matrix QR decomposition
(QRD) are indispensable for advanced MIMO signal detector

e.g., the K-Best detector [1], to recover transmitted infation
from noisy received signals. Different algorithms for chah

estimation are presented in [2] [3] and the most frequently .

e

S

static interpolation strategy may degrade performancéiniy
frequency selective channels while resulting in unnecgssa
computations in channels with low frequency selectivity.
Mobile devices operate in fluctuating channel scenarios
depending on their surroundings and the LTE-A standard
classifies wireless channels into three main categoriesdbas
the frequency selectivity, namely the EPA, EVA and ETU. The
EPA channel has a very low frequency selectivity and reguire
fewer subcarrier channel estimates than the highly frequen
selective ETU channel to reach a target system bit error
rate (BER). Hence, a fixed solution such as the tone-by-tone
approach or the one presented in [5] is not efficient in terfs o
the number of computations performed. To alleviate theeafor
mentioned problem, we propose an adaptive solution which
takes into account the dynamic nature and frequency satgcti
of the wireless channel. In detail, the proposed solutidizes
a windowed Discrete Fourier transform (DFT) based channel
estimator to produce only a required number of subcarrier
channel estimates enabling very low complexity linear QRD
interpolation. The windowed DFT method also provides a

Ssimple way of detecting operating channel conditions, &ngb

the adaptive processor to optimize the interpolation dista
measured in subcarriers, to reach a desired BER with the
lowest computational efforts. To verify the proposed scem
we simulated a simplified LTE-A downlink system with a
X x 4 MIMO setup. Simulations performed with the EVA and
ETU channels show that the proposed method offers significan
complexity saving over the traditional tone by tone method,
with minor performance loss.

BACKGROUND

used QRD algorithms are detailed in [4]. These essential . . .
signal processing operations of a MIMO system come with the A MIMO system with M transmitter (Tx) and receiver (Rx)
price of high computational complexity, preventing actera antennas can be modelled as

implementation of the corresponding algorithms in powed an y=Hx+n, (1)
area limited handheld devices. . _
MIMO is usually combined with Orthogonal Frequency Where'y = [yi,ys,....,yn]" is the received data vector,

Division Multiplexing (OFDM) to provide high spectral ef- H € C"** is the channel gain matrix between the antennas,

ficiency. As a result, channel estimation and QRD have to b& = [z1, z2, ---JcM]T

is transmit data vector and is the

performed on a tone-by-tone basis, making the complexity @dditive white Gaussian noise (AWGN). To achieve a low

more critical issue. To alleviate this complexity probleswi-

BER, the MIMO symbol detector has to minimize the error

thors in [5] present an interpolation technique, where oeén | y — HX [|2, wherex is the estimate of the transmit vector
estimation and QRD are performed only on pilot tones and thand H is the estimated channel matrix obtained from a set
QRD for tones in between pilots is obtained by interpolation of predefined pilot tones. Fig. 1 shows the structure of these
However, the algorithm is implemented for a fixed interpo-predefined pilots in & x 4 LTE-A system and the redundancy
lation distance and also requires a translation into amothen pilots enables good performance even under high frequenc
domain for performing QRD interpolation. Moreover, such aselectivity.
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Fig. 2: Data detection flow: Traditional Vs Proposed

Fig. 1: Pilot structure of a x 4 LTE-A system

Estimation of the channel gain matrH is the first major
step performed in order to recover data from (1) and accurate
estimation enables data detection with a low BER. Furtherehannel estimation and QRD are computationally intensive,
more, since there aré/? paths between the Tx and Rx in has to be noted that in a typical LTE-A system using DFT
M x M MIMO systems, estimators with lower complexity are based channel estimators needs more computations forehann
preferred. Once the estimak®is obtained, advanced decoders estimation than the QRD.
such as the K-best decoder solve (1) by decomposing the To reduce the high complexity of the above tone by tone
channel gain matri into a product of a unitar{) and an  approach, interpolation techniques have been used as show
upper triangular matrilR. The unitary matrix is used to rotate in Fig. 2(a). The channel estimates at the pilot positiores ar
the received vector and the resulting linear system is solveestimated, followed by QRD interpolation for the data toimes
by using tree search techniques as between these pilot positions. A theoretical backgroundmwh
using the GS method to obtain lossless QRD interpolation

*y - QRXJF? is provided in [10] and a hardware implementation for an
Q'y =Rx+Q'n (2)  LTE-A frame structure utilizing only pilot positions to germ
y=Rx+n QRD interpolation is presented in [5]. These techniquesg rel

on mapping theQ and R matrices into a sub space where
polynomial interpolation can be applied and the de-mapping
the interpolated matrices. Even though these methods are
more efficient, they do not utilize channel properties such
as frequency selectivity to further optimize the number of
subcarrier channel estimates and QRDs performed. The fixec
architecture of interpolating over pilot positions offdittle

whereQ* is the Hermitian transpose of the unita@y matrix.
The complexity of popular QRD algorithms, measured in
number of multiplications, isO(M?3) [4]. Hence, in LTE-A
receivers, algorithms producing accurate channel estmat
and QRD with low complexity are needed to utilize the full
potential of MIMO systems.

The traditional approach for solving the signal deteCt'onngibility and results in many redundant computations in
problem has been by considering channel estimation and QRY, - o1 with low frequency selectivity and a performanes |
as separate entities as shown in Fig. 2(a). Channel estimati in hiahlv frequency selective channels
is performed as an independent operation followed by QR6 ghly treq y '
for all the data tones. Several methods of channel estimatio
such as the Least Squares (LS), Robust Minimum Mean Square . LINK ADAPTIVE QR DECOMPOSITION
Estimator (RMMSE), DFT and Matching Pursuit (MP) [2] [3] Mobile devices experience high frequency selectivity ahri
haven been proposed. DFT based estimators are a class of lomultipath environments requiring channel estimation aada
complexity estimators which utilize the DFT and inverse DFTtones which are closely spaced whereas in low frequency
operations to perform noise filtering, but suffer from a highselectivity environments subcarrier channel estimates bm
noise floor due to spectral leakage [6]. Authors in [7] suggesproduced at tones which are farther apart. Moreover, when
a method to utilize windows to weigh the data to minimize theoperating in higher received Signal to Noise Ratios (SNRs),
spectral leakage enabling better performance. The ady@ntaa more accurate channel estimation and QRD is required
of DFT based estimators is their efficient hardware imple-whereas in lower SNRs the gain obtained by performing accu-
mentation through Fast Fourier Transform (FFT) algorithmsrate channel estimation and QRD is lost due to the high noise
The complexity of this implementation measured in terms oflevels. Hence, by examining the current channel conditians

total multiplications isO (M? (Nyloga (N,,) + Naloga (Ng)))
where N, is the number of pilot tones anll; is the number
of channel estimates produced for &hx M MIMO system.

reduction in the total number of computations can be obthine
by tuning the channel estimator and QRD processor to execute
only the minimum number of required computations to reach

QRD which is performed on the channel estimates can ba desired level of system performance.

implemented by several techniques such as the Given’saotat
(GR) [8], the Gram-Schmidt (GS) [9] or the Householder trans

Fig. 2(b) depicts such an adaptive approach where the
operating channel conditions such as the frequency seétgcti

form , but all have a complexit®?(M3N,). Even though both are obtained by examining the LS estimates of the pilot tones
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with the Signal to Noise Ratio (SNR) estimates obtained
from external processing units [11]. Based on these channel
parameters, an adaptive channel estimator is utilizedaduare
estimates at tones much farther apart than the pilots whena
operating in an EPA channel or at tones much closer thanc“‘)6
the pilot positions when operatlng in the ETU channel. This £
estimated channel data is used by a low complexity QRD E %4
interpolation method to approximate tl@¢ and R matrices
of the intermediate data tones. The proposed link adaptive 02 EN
processor incorporates these ideas and the followingosecti / J Mf
introduce the different components of this processor along 9, 10 20 YRR 20 0 70
with the methodology used to select the optimal distances fo IFFT Taps
the low complexity QRD interpolation. A DFT based channel F|g 3: Average power in taps of a 5 MHz LTE A downlmk
estimator is used in the link adaptive processor due to its ‘ }
reconfigurability and efficient hardware implementatiornl an FFT width of 64 poinis Hann windo
method of mitigating the spectral leakage is discussed. next i ‘

0.5 Extension for | q{@

~<-EPA
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-<-ETU

Spedtral Leakage

ali

No

Filtering f
(P

A. Windowed DFT channel estimator overlpadd 1 %1? T

DFT based estimators perform an inverse DFT operation ¥ X ¢ % %f 1
on the pilot tones, weigh the taps according to a predefined \ ﬁ \Fxtension foi"verlap add
strategy aimed at filtering noise and perform a DFT to produceo.s- | 4 Pilots i —— =
the channel estimates at the data positions. Such an estimat |, i channel response %/
producing N, estimates withV,, pilots can be represented as 4 of 50 samples |

hy — FyWFHR 3) 20 40 ) 80 100 20
= thp,

. . Fig. 4: Overlap add method to reduce spectral leakage
where hq is the vector of channel estimates at data tones, 9 P P g

Fq is a Ng x Ny DFT matrix, W is the Ng x N, filtering
matrix, F, is the N, x NV, DFT matrix andh,, is the vector of
channel estimates at pilot tones. These estimators perf@im
at lower SNRs and are hardware efficient when implemented
using the FFT algorithm but suffer from a high noise floor dueB- QR interpolation
to spectral leakage at higher SNRs [6]. The windowed DFT based channel estimator enables the
The basic requirement of the proposed link adaptive procesdetection of channel conditions such as frequency seigtiv
sor is the ability to recognize the operating channel cim; ~ which can be used to estimate the distance, measured ir
which can be achieved by either analyzing the cyclic prefix osubcarriers, for QRD interpolation. The effects of intdgpion
by an inverse DFT operation on the pilot tones. Fig. 3 showrrors on the system BER can be minimized by adaptively
the average power in the different taps of LTE-A channelschanging the interpolation distance depending on channel
obtained by using a 64 point inverse FFT operation on theonditions, for example, by choosing subcarriers which are
pilot tones in a5 MHz bandwidth downlink. We notice that close when operating in highly frequency selective chasinel
by analyzing the distribution of power in the first few taps of  All unitary Q matrices of sizé\f x M are part of the unitary
the inverse FFT output, the current channel conditions @n bgroup U(M) and any unitary matrixQ; can be transformed
detected. Furthermore, the inverse DFT operation is part dhto another unitary matrixQ, by using a rotation matrix of
the DFT based estimator represented by (3) and enables thige formQ.Qj;. Authors in [12] present a method of obtaining

channel response is removed by using the overlap-add methot
to produce interpolated channel estimates at the data.tones

detection of channel conditions at no additional cost. the intermediatd€) matrices betweei); and Q- using
Fig. 3 also shows the spectral leakage due to the non sample s
spaced channels which causes degraded performance at highe Q(5) =(Q2Q1)'Q1 seR [0<s<1. (4)

SNRs. Utilizing windows to reduce spectral Ieakage is a-well |f | Q1 — Q2 ||[r=¢, wheree is a small constant, a linear
known method and [7] describes a method to improve thﬁ‘nterpolatmn of the form

performance of DFT based estimators at higher SNRs by using

Hann windows. An inverse window operation is required to Q(s) = (1 =) x Q1+ 5 X Qq, (5)
remove the effects of windowing and [7] uses a division by .
the Hann window to achieve this. The overlap-add metho@n Pe used to approximate (4). The correspondiig)

is another way of removing windowing effects and the link matrix can also be approximated by

adaptive processor uses this method as depicted in Fig. 4. R(s) = (1 —s) x Ry + s x Ro. (6)
The data from the first and last pilots in théMHz spectrum

is extended to produc&28 points and the Hann windowing These approximations lead to errors in QRD interpolation
reduces spectral leakage. Finally, the windowing effentthe = and a strategy to choose the correct interpolation distance
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7% 10 3 35 (5) between sub carriers spaced at different correlatioelde
< FPA for the three channel models used in LTE-A. The average error
A 30 -=EVA due to interpolation in an EPA channel model is in the order of
S 8 ~EIU 10~3 at correlation levels of 75% whereas the error in the fast
£ s 25«.‘,\— fading ETU model is almost double that of the EPA model.
E § 20 “ Using Fig. 5(a) and Fig. 5(b) the following strategy illus-
& = o trates how a link adaptive processor can be used to redwade tot
E g 15 computational complexity. An SNR of 20dB at the receiver
2 g in a4 x 4 MIMO system receiving 16 QAM data would
‘g -g 10 correspond to an,,s of 1072. A link adaptive processor
&) i . configured to operate with a value f= 0.1 can operate with
1>~ ninterp = 1073, If the current operating channel is detected to

20 0 70 80 90 100 (5’0 0 70 s 9 100 beEPA, the processor will choose a correlation value of 75%

Correlation % Correlation % in Fig. 5(a) corresponding to an interpolation distance #4f 2
(@) ®) subcarriers in Fig. 5(b). Using a similar strategy, if opieig

in an ETU channel, correlation of 85% is chosen leading to

interpolation distances of around 10 subcarriers. A lovedue

o ) of SNR will result in highern,,s enabling the link adaptive

to minimize the effect of these errors on BER for differentprocessor to choose subcarriers which have a lower cdmelat

channel scenarios is presented in the next section. value leading to increased interpolation distances.

Fig. 5: Interpolation error, Subcarrier distances and €lation

C. Coherence Bandwidth and Interpolation error

The coherence band widthB(,;) of a wireless channel is
defined as the bandwidth over which the correlation of channé®- Performance

gains is higher than a specified limit [13]. QRD of channel Tne methodology described in the previous sections enables
gain matricest, andH,, of two correlated subcarriers yesults us to choose interpolation distances adaptively to redage ¢

in Q, and Q; such that| Q, — Q; |lr= ¢, wheree is a  plexity while maintaining the required level of BER. Table |
small constant. This enablés.;, to be used as a parameter spows an example implementation with different intergotat

to evaluate the interpolation error due to approximatior®).  gistances chosen for the three LTE-A channel models depend
The LTE-A standard uses three main channel models and eaghyy on the SNR available at the receiver. The interpolation
channel exhibits a differenB.,, enabling the link adaptive gjistances are chosen so that minimal loss to BER is intratiuce

processor to choose between different bandwidths overwhicyhen compared to the performance with perfect channel state
QRD interpolation can be performed. Fig. 5(b) shows thentormation (CSI).

distances in sub carriers for different levels of correlatfor

IV. RESULTS

the three models. In the EPA model, gain matriéés and _ TABLE I: Interpolation distances measured in subcarriers
H, which are 24 subcarriers apart show a correlation of 75%
whereas the EVA and ETU models show 75% correlation for SNR (dB) <10 | 11-15 | 16-20 | 21-25 | 26-30 | > 30
channels around 15 subcarriers apart. Mode! et S5 = - <

The uncoded BER of a wireless system operating in a eva 32 24 16 8 B 1
frequency selective channel affected by AWGN is inversely ETU 32 24 16 8 4 2

proportional to the SNR available at the receiver. The total Fig. 6 shows two sets of uncoded BER curves fot a 4
ngisen in a wireless receiver employing interpolation tech-y;vo system with a K-Best decoder with K=10 operating
niques can be expressed as in the EVA channel. The first set of curves are obtained
7) by using perfect CSI and full channel QRD along with the
proposed adaptive QRD (AQRD) with distances chosen from
where ng,s is the system noise and;,:.,, is the noise Table |. These curves enable us to analyze the effects of

n = Ngys + Ninterp

introduced due to linear interpolation. A parameter ninterp ON BER and it can be seen that the performance
Ninterp loss is negligible when choosing the proposed interpatatio
Y= (8) distances. The second set of curves are obtained by using
sys different channel estimation techniques and QRD intetpnia

can be used to decide the amount of interpolation error thanethods. The DFT based estimator [2] with the proposed
can be introduced depending on the receiver SNR. The effecedaptive QRD shows significant degradation, with an error
of interpolation error on BER can be minimized by keepingfloor visible at higher SNRs due to spectral leakage. Useef th
~ small, which enables the link adaptive processor to inereasproposed windowed DFT based estimator and adaptive QRD
interpolation distances at lower SNRs and to adaptivelyelow improves the performance at higher SNRs and is on par with
the distances at higher SNRs. Fig. 5(a) shows the dependenperformance of a receiver employing the RMMSE estimator
of the errorn;,..rp Obtained by interpolating) matrices using [14] with the QRD interpolator from [5].
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4 x 4 MIMO, EVA Channel, K(10)-Best Decoder 90

10° ; ; :
~<+Perfect CSI + Full QRD
-©-Perfect CSI + AQRD 80
o S -%-Windowed DFT + AQRD \
10 g by RMMSE[13] + QRD Interp[5] \ Y
""i«::‘é’_ -ADFT[2] + AQRD 70

\)\

Complexity reduction in %

=10 “F Fiie?, ey E A
Soben pd 60 Reduction in
Channel Estimation Loss Fog 5 Multiplications
107 ‘** 3 --Link Adaptiye EPA Channel
T -o-Link Adaptiye ETU Channel
40
10 4 Il Il Il Il Il Il
12 14 16 18 20 22 24 26 28 30 15 20 25 30 35
L in dB S in dB
Fig. 6: BER of an uncoded 16QAM system Fig. 7: Range of possible reduction in multiplications
B. CompIeXI'{y analySiS V. CONCLUSION

A DFT based channel estimator used in the traditional flow
of Fig.2(a) for anM x M MIMO system would require
(Nploga(Np) + Nalogs(Ng))M? multiplications. Using the
proposed windowed DFT instead and choosing the numb
of channel estimations{, changes the multiplication count
of channel estimation tq3N,log2(N,) + Xloga(X))M?2.
Furthermore, the complexity of QRDs computed also reduce
from NyM?3 to X M3,

The proposed link adaptive processor is capable of decreas
ing the complexity of both channel estimation and QRD, which
are two important baseband signal processing operatidres. T

Brocessor utilizes a windowed DFT based channel estimator

which not only suppresses the error floor due to spectral
leakage but is also capable of producing channel estimates

at specified interpolation distances. Channel properties a

. used to identify these interpolation distances which add a

Vfhinimal loss to BER while enabling the use of a simple QRD

interpolation distances chosen from Table I. The link aidapt

processor is designed to closely follow the BER obtainednwhe
operating with perfect CSI. Higher savings are obtained a
lower SNRs as farther interpolation distances can be chose
whereas this gain reduces at higher SNRs. Furthermore, E

channels need significantly lower number of computations
resulting in higher savings when compared to ETU channels.
The shaded region in Fig. 7 indicates the range of possible
reductions when operating in different channel conditions ACKNOWLEDGMENT

link adaptive processor is on par with existing systems avhil

groviding a reduction in complexity of upto 40% in higher
NRs and 80% in lower SNRs. Hence, the link adaptive

rocessor is an attractive solution for adaptive processin
rying channel conditions for mobile LTE-A receivers.
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efficient hardware implementation. A typical; point radix-

2 FFT is implemented using a pipelined structure [15]. The

order of the output samples from the pipelined decimation

in frequency (DIF) FFT algorithm is bit reversed with the [1] M. Wenk, M. Zellweger, A. Burg, N. Felber, and W. FichtnéK-best

first X = 2¢ wheret ¢ Z output bins spaced at distances MIMO detection VLSI architectures achieving up to 424 Mbps,
of % and the nextX outputs resulting in all bins at a Proc. IEEE Int. Symp. on Circuits Syskay 2006, pp. 1151-1154.
J.-J. van de Beek, O. Edfors, M. Sandell, S. Wilson, an®Ig. Bor-

i Ny i i imati [2]
resolution of¢, enabling selective channel estimation at only jesson, “On channel estimation in OFDM systems,1GEE 45th Veh.

the desired frequency bins. For example, when operating in  Technology Conf.Jul 1995, pp. 815-819.
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