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Abstract—QR decomposition is an essential operation in var- CORDIC algorithms are commonly used to implement
ious detection algorithms utilized in multiple-input multiple-  Givens rotation-based QR decomposition for their low hard-
output (MIMO) wireless communication systems. This paper \yare complexity. However, the number of iterations will be

presents a Givens rotation-based QR decomposition fod x 4 | if th ¢ . hiah hich leads t
MIMO systems. Instead of performing QR decomposition by arge 1 the system requires high accuracy, which leads 1o a

CORDIC algorithms, lookup table (LUT) compression algo- relatively long latency. This article intends to utilizeéeahative
rithms are employed to rapidly evaluate the trigonometric algorithms with greater computational accuracy than CARDI

functions. The proposed approach also provides greater aocacy — algorithms for Givens rotation-based QR decompositioneAf
compared to the CORDIC algorithms. QR decomposition is per- comparing the mean square error (MSE) performance and

formed by complex Givens rotations cascaded with real Given . . . .
rotations. In complex Givens rotations, a modified triangubr ~&fithmetic complexity of the lookup table (LUT) compressio

systolic array (TSA) is adopted to reduce the delay units of linear approximation, and CORDIC algorithms, LUT compres-
the design and hence, reducing the hardware complexity. The sion scheme is selected to implement trigonometric funstio
proposed QR decomposition algorithm is implemented in TSMC jn Givens rotation as it has lower computational complexity
%?I])?:; gyiioﬁcggﬂ!g% gri‘éz'fxgswfgeRtor}Stﬁﬁgﬁé0&21?5 than the linear approximation technique and also provides
at 214 MHz. P P peralg improved MSE performance compared to the CORDIC-based
solution.

To reduce the hardware complexity, the proposed QR
decomposition approach consists of a complex-valued de-
composition (CVD) followed by a real-valued decomposition
(RVD). The RVD is designed with the triangular systolic grra
(TSA) architecture and the CVD is implemented using the

ULTIPLE-input multiple-output (MIMO) technique has modified TSA architecture. Compared with the conventional

attracted significant interest due to the substantial iarchitectures, the proposed scheme reduces the number of
crement of system capacity and spectral efficiency. As a redielay units and also shortens the latency of the design.
able technology supporting high throughput data transoniss  The rest of this article is organized as follows. In Section
MIMO has been widely adopted by recent wireless cont, the MIMO system model and the important role of QR
munication standards, such as IEEE 802.11n, IEEE 802.1@@composition in detection algorithms are briefly reviewed
(WIMAX) and 3GPP-LTE [1], [2]. One of the challenges forSection Il describes the complex-valued and real-valued d
MIMO systems is to design a high-throughput and accuragemposition algorithms in the proposed design. Implennenti
detector for the receiver. QR decomposition is an essentif§onometric functions using our proposed LUT compressio
operation to convert a MIMO channel into multiple layeredcheme is also presented and compared with the linear approx
sub-channels and thus, reduce the computational complexghation and CORDIC-based realizations. In Section 1V, the
of MIMO detection. The accuracy of QR decomposition wilkrchitectures of complex Givens rotation, real Givenstioma
directly impact the bit error rate (BER) performance andnd the divider used in the arctangent function are predente
symbol detection throughput of MIMO systems significantlyand discussed. The implementation results and comparisons

Three QR factorization methods have been widely usegle provided in Section V. Finally, Section VI makes some
in MIMO systems: Gram-Schmidt, Householder transforma@oncluding remarks.
tion, and Givens rotation [3]-[14]. Since the complexity of
Householder transformation is relatively high, relateadsts Il. MIMO SYSTEM MODEL

on the QR decomposition architectures are typically digsksi ) ) . i )
into two main categories. One is based on the modified Consider a spatial multiplexing MIMO system [15] with

Gram-Schmidt algorithm (MGS) [3]-[8], which performs QRtransmit andNgr receive antennas. The equivalent baseband
decomposition in parallel and requires many norm and dimisi M0de! of the channel can be described by a complex-valued
operations. The other category is based on Givens rotatio < V7 matrixH. The relation between transmit and receive
and utilizing triangular systolic array architecture [Hl4], Signal vectors is can be written as:

which implements the rotation operation by the coordinate y = Hs+n 1)
rotation digital computer (CORDIC) algorithms. Compared t ’

MGS, Givens rotation has the advantage of lower hardwamherey = [y1,y2,...,yn,]’ denotes theNz-dimensional
complexity, however, the long latency is the main obstaéle ceceive signal vectors = [sq, 52, ..., sn, | is the Ny x 1

the Givens rotation approach. transmit signal vector, and = [n1,na, ..., nx, |7 denotes the

Index Terms—QR decomposition, Givens rotation, lookup table
compression, MIMO detection.

I. INTRODUCTION



Npg x 1 noise vector with independent identically-distributecivens rotation matrix; targets at eliminatingio; by A
(i.i.d) zero-mean Gaussian noise variates [16]. and can be expressed as:
QR decomposition is an essential preprocessing unit in

< . ) . 0 0
various MIMO detection techniques, such as zero-forcing, _i* Ci 0 0
sphere decoding, and K-best detection algorithms [17}-[20 G = 0 0 1 0 %)
By using QR decomposition of the channel matfx= QR, 0 0 0 1

where Q is a unitary matrix andR is an upper triangular . _ .
matrix, the detected signal vectdr can be expressed asThe complex triangular matrbR and the complex unitary

follows: matrix Q can be obtained as:
§ = argmin|y— Hs|? R = (36(35(34(33(32(31H1H
= argmin|Qy — Rs||%. (2) Q = (G6G5G4G3G2G1)7, (6)
whereGs,, ..., Gg are rotation matrices to zere, ha1, hao,

In efficient MIMO detection schemes, such as the K  andp,,, respectively, and-)" denotes the Hermitian of
best algorithm, sorting of the expanded traversal path1is & complex matrix. The and s parameters can be calculated

important step. If the CVD system model is chosen, addition@,sing the three-angle complex rotation (Three-ACR) teghei
multiplication and addition will be necessary before sugti [11], [21], where:

can take place. In order to obtain the best candidates withou

a complicated sorting step, many MIMO detection schemes c = _hn = cosf,e 0,
utilize the RVD system model [18], in which (1) can be VIR [+ [hor [2
expressed as: s — _ 1221 — — sinf,e
{ Re{y} ] ~ [ Re{H} —Tm{H} ] [ Re{s} } V| |+h| |21|
Im{y} Im{H}  Re{H} Im{s} 6, = arctan (- ). @)
|haa
Re{n} 3
+ Im{n} |’ (3) In order to avoid the square root operation in calculatipg

(7) can be further optimized as:
whereRe{-} andIm{-} denote the real and imaginary parts,

respectively. In this case, the dimension of the real-walue 0, = arctan Re{hn} ~ cosfn | (8)
channel matrix becomexsNy x 2N . For the MIMO systems cosfor  Refhir}
with a relatively large number of transmit and receive anéen After rotation, the rotated matri&6;H becomes
(e.g.,4 x 4 or more), it is shown in [11] that the direct RVD of 1) 1) L) (1) A
: . : h h h h
the channel matrix will be more complicated than the CVD. 1 %12) %f») %il)
However, MIMO detection will be computationally-intensiv G:H = 0 hyy hygy hy ) 9)
without RVD, especially for high order modulation schemes. hsi hsa  hsz ha
One efficient approach is to first perform the CVD of the hai haz haz hag |

channel matrix and then perform the RVD of the complex (k) .
triangular matrix R [11]. This approach is applied in the'/Nere h;;  denotes theh;; entry of the matrix afterk-th

proposed QR decomposition scheme and is discussed in rgltgt_lon. An 'mpo“‘?‘”t feature of the Three-ACR tec_hnlqsle !
following section that it causes the triangular matfxto have only real diagonal

elements. Therefore, an additional rotation step is reglutio
remove the imaginary part o‘iélz) in GiH. The additional

I1l. PROPOSEDQR DECOMPOSITIONALGORITHM rotation matrix can be written as:
A. Complex-Valued Decomposition 1 0 . 00
, , , _ / 0 e 7% 0 0
Givens rotation technique zeros one element of a matrix G, = 0 0 1 0 (10)
at a time by applying a two-dimensional rotation. Therefore 0 0 0 1

rotation matrix plays an important role on the performanice o
QR decomposition. The idea of CVD-based Givens rotation Another approach to calculate theands parameters is the
can be illustrated using the polar representation. Considetwo-angle complex rotation (Two-ACR) [21], where

4 x 4 complex-valued matrix

¢ = cosl,,
|hi1]e?® hiy hiz haa s = sinf,el?,
Ho= | Il R oy ho (@) B = 61— 6. (12)
h31 hso hsz hss |’ - -
ha1 has  has has The Three-ACR technique based on the architecture of TSA

reduces the latency and area by using the same hardware
where|h;1| andf;; (i = 1,2) represent the magnitude and theesources of the CORDIC modules, but the throughput will
angle of the matrix entries, respectively, ang= /—1. The be lower than that of the Two-ACR. Three-ACR saves four



TABLE |
ARITHMETIC COMPLEXITY OF THE THREE-ANGLE COMPLEX ROTATION o | ROM _
AND TWO-ANGLE COMPLEX ROTATION SCHEMES X0 ’ 1 TIV o
Two-ACR Three-ACR .
N7 X Ng 2x2|4x4|2x2|4x4 p1
Multiplication 18 54 26 74 N ~n 7% ROM N
1 [
Addition 6 24 P 42 7> TO: >l b
x > / ar 5 |
Arctangent 3 4 > = —p
Sine 3 4 . o <
° °
Cosine 3 4 ° o .
Re{R} -Im{R} \£ PK
Real-valued [ T 71 ROM >+
clement Q0 00i000O0 XK g | TOx ol
OO0 00i0O00O0 = gk
Null coee 0000 4
element
O0006;i0000O0 Fig. 2. Architecture of the LUT compression algorithm.
© 0000000
To be R - . . L
cleminated ~—O\‘.¢‘>. 6:0000 whereG is the real-valued Givens rotation matrix aqdis
o O. 00000 the real-value® Nr x 2Np matrix expanded fron®.
O 0000000 J

Im{R} Re{R} C. Lookup Table Compression Algorithm
Fig. 1. Real-valued decomposition matffor a 4 x 4 MIMO system. In the design of Givens rotation-based QR decomposition,
the chosen vector rotation technique has a direct impact on
) ) ) the throughput and the hardware complexity of the design.
rotation stages in the RVD section compared to Two-ACR &SORDIC technique has been extensively applied in the Givens
it makes the_complex—valued triangular matii have only rotation-based QR decomposition algorithms [9]-[14],][22
real-valued diagonal elements. However, Three-ACR adds $0RDIC has the advantage of implementing vector rotations
additional rotations in the CVD section according to (6)sing only adders and shifters, however, due to the iterativ
and (10), which implies a longer latency and a larger aregatyre of CORDIC algorithms, it is challenging to achieve
Furthermore, both parametersand s calculated with the pigh throughputs and high accuracies. The LUT compression
Three-ACR technique are complex, while the parameteryng |inear approximation approaches are significantly more
calculated with the Two-ACR approach is real and thereforgec rate than the CORDIC technique when the same word-
the Two-ACR has lower arithmetic complexity than the Thregangths are utilized. This will be briefly discussed here.
ACR technique for the LUT compression-based designs.  the | UT compression technique is an effective approach
Table | shows the arithmetic complexity of the Three-ACRy approximating trigonometric functions utilizing vesynall
and Two-ACR approaches. As shown in Table I, the Two-ACRy44-only memories (ROMSs) and simple arithmetic circeitri
requires fewer operations than Three-ACR. Box 4 MIMO  Te architecture of the LUT compression method is shown in

systems or systems with more antennas, the complexity ofﬁ@_ 2. The principle of the LUT compression technique is
Two-ACR in (11) does not increases as much as that of Thrgg-gecompose the input signal ¢ [0,1) into K + 1 non-

ACR. Therefore, we use the Two-ACR scheme to computeyyerjapping sub-words;o, =1, . . ., 2%, each withg, g1, . . .,

ands parameters in the rotation matrices. and ¢qx bits, respectively. The interval [0,1) of has been

divided into 2% subintervalsx, represents the starting point

of each subinterval and + ... + zx is the offset in each

_ interval betweenr andz,. A piecewise linear approximation
Fig. 1. shows the real-valued matiik which is expanded of f(z) can be expressed as:

from the complex-valued matriR. The task for RVD is to

eliminate the elements in the lower-left section of the imatr flx) = flro+z1+ - +2K)

R, as shown by the dashed lines in Fig. 1. To guarantee the A(zo) + B(wo)(z1 + - - + )

minimum number of operations, the processing sequence is _

important [11]. For example, fot x 4 matrices, the elements = Alwo) + Blao)as + -+ Blzo)zx, (13)

of R should be nulled ifRs1, Re2, R73, Rsa, Rs2, Res, R7a,  The termB(z¢)z; can be approximated &8, (a1 )z, where

Rs3, Rea, Rs4 order. The RVD ofR andQ can be written as: o, is the sub-word of: including itsp; < go most significant

. bits (MSBs). Likewise, the ternB(x )z, is approximated as

Rrvp ~§’~ By (az)xa, whereas is a sub-word ofrg including its p; <

Qrmp = G Q, (12) p; MSBs. Similar approximations can be conducted on the

B. Real-Valued Decomposition

Q

o



TABLE Il
ARITHMETIC COMPLEXITY OF DIFFERENTALGORITHMS FORTHREE TRIGONOMETRICFUNCTIONS

LUT compression Linear approximation CORDIC
Functions sin/cos | arctan sin/cos | arctan sin/cos | arctan
WL.WE 1:12.9 | 7:149 || 1:12.9 | 1:149 || I:12.9 | 1:14.9
0:11.9 | 0:129 || 0:11.9 | 0:129 || 0:11.9 | 0:12.9
g =6 q =6 s=128 | s =128 n=29 n=29
Parameters g1 =3 =3
p1 =2 p1 =2
ROM size (bits) | 464 464 2304 2304 117 117
Mul. - - 1 1 - -
Add. 1 2 1 1 12 24
Div. 1 - 1 - -
Shifter - - - - 8 16
B(xo)z;, i =3, ..., K, terms. Therefore, the expression (13) Linear approximation is another approach to evaluate var-
can be approximated as: ious trigonometric functions accurately. It is based on the

idea of segmenting the intervdd, 1) of the input signalz
f(x) = Alzo) + Bi(a)ar + -+ Bre(ax)rre - (14 jnig 5 — 2v sub-intervals. Thex MSBs of = encode the

where A(xo) can be realized with a ROM witB% entries, Segment starting point;, and are used to address the LUTs

and is called table of initial values (TIV)B(a;)z; can be that store the linear function coefficients. The remainiitg b

implemented withX' ROMs with 274 entries each, which of z re_present th_e offsei_—xk [24]. The linear approximation

is called table of offsets (TO) [23]. The three trigonometriof a trigonometric function can be calculated as:

functions, sine, cosine, and arctangent, can be computed by

conditionally adding or subtracting the values in TOs from f@) =ne+mu(e—ax), k=1,2,...,s,  (15)

the selected values in TIV.

The size of ROMs can be reduced to half by making the ] o
TOs symmetric. Therf(z) in (14) can be written as: whereny andm;, are constants and linear coefficients, respec-

tively, zx, < < k41, 1 = 0, andz,41 = 1. The constant
fla)~ A(m) + Bi(oa)(ar — 5_1) 4. coefficients can be calculated by setting= ;. and the linear
coefficients can be obtained by setting= (xr + xx+1)/2,

+ Brl(og)(zx — 6_K) wherez;, = (k —1)/s. They are expressed as:
2 )
whereJ; is the weight of the least significant bit (LSB) of the B T
i-th sub-word, and can be written as: e = f(zxk)’
. e 2k —1
5 = (29 —1)27%, mi = 2s|f(Zx ) — | - (16)
4 2s
where _
g = Z qj- Both LUT compression and linear approximation techniques
=0 can be employed to evaluate the arctangent, sine, and cosine

The coefficients stored in TIV and TOs can then be calculat%zLHth'ons tm :che t.QR deco[)nposmon algorlt.hm. The three
by minimizing the maximum approximation error as [23]: rigonometric functions can be expressed as.

5 f(zo) + f(x0 + Ao)

™ T
A(SC()) = 2 ’ farctan/(Z) = (arctan y)/(Z) = a,
Bi(a) = flai +0i) = flou) + flei + i + 0i) — flaa + O’i)’ fsin = Sin(ga),
~ 20 fcos = COS(ZCI,), (17)
where A(z) is the content of the TIV and 4
op = 2P =20, wherea € [0,8) andy € (0,1). Note that onlyarctan,
K sin and cos values are required to be calculated with the
Bo = Z 0;- rotation angles withirf0, w/4). If the rotation angles are within
=1 [w/4,27), the trigonometric function values can be obtained
The content of the-th TO, i = 1,..., K, can be computed by optionally performing input/output complements and the
as: output swap operations. For example, if the rotation anales

TO; (v, ;) = Bia)(z; +27571). within [7/4, 7 /2], thena € [1,2) and the three trigonometric
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Fig. 7. Proposed TSA architecture for the complex-valuedef® rotation.
functions can be expressed as:

T T 1., 7
fwctu”/(z) = (5 — arctan Z)/(Z) =2-a, and the linear approximation approaches are set such #iat th
™ mean square errors (MSESs) are relatively close. The MSEs of
fsin = cos[(2—a)l, the CORDIC approaches are significantly larger than those of

fros = Sin[z(2 —a)). (18) the LUT compression and the linear approximation schemes,
independent of the parameters’ values. If the WF is fixedneve
By scaling the rotation angle’s range frof,27) to increasing the number of iterations to more than nine, th&MS
[0,8) only 3 MSBs ofa are required to control the octantgperformance of CORDIC will not be improved because after
instead of using the whole word-length of the angle. For QRine iterations, there will not be any rotations. Therefdhe
decomposition, the result of the arctangent function wél bnumber of iterations in CORDIC algorithms is set to nine.
the input signal to the sine or cosine functions and hends, itAccording to the results in Table II, the LUT compression
not necessary to perform scaling by hardware. The scaling gaethod requires considerably smaller ROMs than the linear
be done in software when computing the coefficients storedapproximation and without requiring any multipliers. Adtigh
LUTs. Therefore, the hardware cost is reduced by scaling tieises one more adder to implement the arctangent function
range of the rotation angle. compared to the linear approximation scheme, the overall
Table 1l shows the arithmetic complexity of the LUTarithmetic complexity of the LUT compression technique
compression, linear approximation, and CORDIC approachigssignificantly lower than that of the linear approximation
when implementing trigonometric functions in fixed-pointethod. CORDIC utilizes smaller ROMs than those in the
format. The word-length (WL) and fraction length (WF) oftlUT compression scheme and it does not need dividers,
the inputs and outputs of the trigonometric functions ase alhowever, it uses many adders and shifters.
listed in Table Il. The parameters of the LUT compression Figs. 3, 4, and 5 show the absolute values of the approx-
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Fig. 8. Architecture of the complex processing element (CPE
imation errors for three trigonometric functions usingesar f Stage 1
different discussed schemes. For sine and cosine functioas
rotation angles are withif0, = /4) and for arctangent function, dij — RPE (=7
the input signal is within(0,1), which means the output doj -"c'i'-(")
angle of the arctangent function is within tf® 7 /4) interval. + ) =Y i Stage 2
Figs. 3, 4, and 5 demonstrate that the approximation errors az; —»| RPE af.j 4 RPE —»i*z,
of the LUT compression and linear approximation techniques ay ;‘1') é)
are considerably smaller than the approximation errors of + " % o /,,1-"'615; Stage 3
asj - asj -
the CORDIC .scheme. The MSE perfqrman_ce of th(? three ay -] RPE L] roE ] RPE ey
approaches with various fractional bit-widths is shown ig. F ag; 1 1 1
6. For the sine, cosine and arctangent functions, the CORDIC v _1,""&7,“) 'ifaG’(Z) ,1.'-'515,(3)
algorithm has the worst MSE performance among the three.a,; ay M1 as 1 a1 Stage 4
For sine and cosine functions, the MSE performance of the ™| RPE —=#% RPE =3 RPE [—==9| RPE =1y
LUT compression and linear approximation schemes are close * * * +
However, LUT compression provides the best MSE perfor- .7y ~ 17 T Tsj

mance for implementing the arctangent function. Consinderi ‘ o
the arithmetic complexity and the MSE performance, the LUT9- 9-  Proposed architecture for the real-valued Giveretion.
compression approach is chosen for implementing the three

trigonometric functions in the proposed QR decomposmon.(i’j —1,2,3,4). In the second Stagéffl) andhglg) are zeroed

by h{Y and n{Y. In the third stageh!? is zeroed byn!?,
IV. ARCHITECTUREDESIGN OFQR DECOMPOSITION y Yoy 22 3) - 98 hi; Yz
- - ] ~andh,y is zeroed byhs; in the final stage.

We utilize our proposed QR decomposition architecture in aThe detailed architecture of the CPE is shown in Fig. 8.
44 MIMO system. In order to achieve high throughputs, ong executes the complex-valued Givens rotation in two steps
column of the channel matrikl is processed in every clock|n the first step, the rotation matrix is built by calculatitig
cycle and therefore, the proposed architecture performs QRynd s parameters according to equations (5), (8) and (11),
decomposition of a x 4 matrix over four clock cycles. The wherec = cos 6, and s = sinf,ei%. The critical operations
required projection o™y in MIMO detection algorithms is for calculating the rotation matrix are arctangent, cosind
then generated in one additional clock cycle. sine functions. These operations are implemented with the

LUT compression method using the architecture shown in
A. Architecture of the Complex-Valued Givens Rotation  Fig. 2, where we choosgy = 6, ¢ = 3, andp = 2. In

The conventional TSA architecture has been previously usbtf sécond step, the channel matixis multiplied by the
for QR decomposition [14], [21]. The TSA architecture Waggnerated rotation matng .to zero one of |t_s elgment. Since
improved in [11] by reducing the delay units, which is als§ S real-valued, the muluphers anq ad_ders in th|_s part &ié h
adopted in our design for complex-valued Givens rotatign, §°MPIex (the ones with shadows in Fig. 8), which have lower
shown in Fig. 7. It performs complex-valued Givens rotatiof°MPIexity than the complex-valued multipliers and adders
in four stages, while conventional TSA architecture regmir WNile the traditional complex multipliers consist of foweal -
five stages. Each complex processing element (CPE) zeros Bliitipliers and two adders, the half-complex multipliers i
entry in the left-bottom triangular section of thematrix. The F9- 8. use two real multipliers and no adders.
outputsry ;, 714, r3; andry; are four rows of complex-valued
triangular matrixR. In the first stageho; andhs; are zeroed B. Architecture of the Real-Valued Givens Rotation
by hi1 andhy4y, respectively, and four rows of the matrix are The architecture of the real-valued Givens rotation is show
rotated by the rotation matrix accordingly, expressedz%l: in Fig. 9, wherea;; andr;;, i = 1,...,8, are the entries of



TABLE Il
IMPLEMENTATION RESULTS OFDIFFERENTQR DECOMPOSITIONTECHNIQUES

[3] [4] [6] [9] [11] [25] [26] This work
Algorithm MGS Interpolation-based] MGS GR and Householde GR GR GR GR
Matrix 4x4 2X2~4x4 4x4 4x4 8x8 4x4 4x4 8 X 8
dimension Complex Complex Complex Complex Real Complex Complex Real
Technology 0.18um 90-nm 0.18um 0.13um 0.18um 90-nm 90-nm 90-nm
Max. freq. (MHz) 400 140 162 278 100 125 116 214
Processing cycles 35 4 104 40 4 4 4 4

Gate count (K) 32.6 318 61.8 36 152 115 437.5 262
Throughput (MQRD/s) 11.4 35 1.6 7 25 314 29 53.5
Normalized throughput 22.8 35 3.2 10 50 31.4 29 53.5
Gate efficiency” 0.699 0.110 0.052 0.269 0.329 0.273 0.066 0.20

T Throughputx (Technology/90am)/(64/n?), wheren = 2N for N x N complex matrices and = N for real matrices.
2 Normalized throughpuf Gate count.

real-valued matriR for RVD and the triangular matriR gy p

after RVD, respectively. The real processing element (RPE)

has a similar, but simpler architecture to that of a CPE. Iy on

uses one arctangent, one cosine, and one sine functionltb bui

the rotation matrix and uses four real multipliers and twal re
adders to implement the matrix rotation operation. Theientr

in the lower left corner of thé x 8 matrix R, built by the CVD

of R, are zeroed in four stages. In the first stage, only the left

four columns of the matrix are required to be computed. The sp

On-the-fly conversion
Q

Normalizer

four columns on the right of the matrix can be derived by the d

left part according to the relationship in Fig. 1, which can b

expressed ag; j = —7Ti44,j-4,1=1,...,4,7=5,...,8, and

Ti,j :Ti,47j,4,7:,j:5,...,8. 16 <‘<'n -
x/4 ™N ™N

C. Datapath of the Divider Regl Reg2 Regs

I_3|V|de.r is an important unit in the arctangent funcnonFig. 10. Datapath of the radix-4 divider.
which directly impacts the latency and area of the system
significantly. Higher-radix dividers compute more bits per

iteration, so they are faster, at the expense of a larger. argagths of the signals in the QR decomposition architeciuee
Lower-radix dividers can be designed with smaller area, bgfiosen based on the fixed-point simulation results of differ
they are slow as they compute fewer bits per iteration. Bht MIMO detection algorithms utilizing various modulatio
the proposed design, division is performed in radix-4, Whicschemes. Assume that the channel matris perfectly known
computes two bits per iteration for a moderate speed and disthe receiver. For i.i.d. channels with additive White €zan
relatively small area utilization [27]. noise (AWGN) model at the receiver, five bits are allocated to
The divider is designed with five pipeline stages, as showRe integer part of the channel matrix entries. The fixedvpoi
in Fig. 10. Each stage processes two iteratiohsr, w and  simulations are performed for different fractional biteltis of
@ are divisor, dividend, remainder and quotient, respelitivethe variables, which impacts the accuracy of the results.
and ¢;,j = 1,2,...,6, denotes the redundant digit set of The BER performance of a 64-QAM modulatéd4 MIMO
{—2,-1,0,1,2}. Normalizer is used to scattinto the range system using the K-best detection algorithm (K = 10) and
of [0.5, 1). By setting the initial value of the residual tdor different word-lengths are shown in Fig. 11. According t
z/4, the final quotient will be four times of the obtainedne simulation results, the BER performance starts to diegra
quotient. Four MSBs of the normalized divisor are used gnificantly with 8 bits fraction at 20 dB signal-to-noisatio
select the boundary of the digit set. Quotient digit setetts (SNR). Fig. 12 shows the symbol error rate (SER) performance
implemented with LUTs. The next residual will be calculategf 3 16-QAM modulated x4 MIMO system with zero-forcing
asw;i1 = 4w; — gj41 x d. 4w; can be implemented by left- (zF) detection. In this case, the SER performance does not
shifting two bits ofw;. The logic between the second and thgegrade much as long as 9 bits are used for the fractional
fifth pipeline stage is not shown in Fig. 10 as is the samgrt of the signals. Therefore, the QR decomposition can be
logic used betweetkegl and Reg2. The final quotient can be reliably designed with 14 bits (5 bits for the integer partian

derived by an on-the-fly conversion of the [27]. 9 bits for the fractional part) either employed in the K-best
or ZF detection algorithms. In Fig. 13, the BER performance
V. IMPLEMENTATION RESULTS AND COMPARISONS of the LUT and CORDIC scheme for a 64-QAM modulated

The proposed Givens rotation-based QR decompositian< 4 MIMO system using K-best detection technique is
architecture is designed, simulated in floating-point aredi shown. Both the LUT compression and CORDIC schemes
point representations, implemented and verified. The worare with the word-length of 9 bits. The BER performance of
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Fig. 11. The BER performance of the fixed-point simulatioosd4 x 4  Fig. 13.  The BER performance of the LUT compression and CQRDI
MIMO system utilizing 64-QAM modulation and K-best detectitechnique approaches for a x 4 MIMO system utilizing 64-QAM modulation and

for different word-lengths. K-best detection technique.

10— decomposition and the design in [11] suppérk 4 complex
— matrix decompositions and alsbx 8 real matrix decompo-
‘\‘\\ sitions, which simplify the sorting operation if utilized the

K-best or the sphere decoding MIMO detection algorithms
[28], [29]. Although [11] has a fewer gate count than ours,
the proposed design provides an improved accuracy, whigh ha
T been demonstrated in Fig. 3 to Fig. 6. With a greater accuracy
@ (i.e., lower error rate for 25635 dB SNR), transmit signal
power can be scaled down as long as the target error rate can
P E::gf‘s(;&‘t’i”1‘1 T B\ -\ ; be supported. According to the implementation results bidra
—E—Fixed-pointz 10 bits N\ lll, the proposed QR decomposition can be used in MIMO
—6— Fixed-point, 9 bits systems requiring high throughputs and greater accuratty wi
) Fixed-point, 8 bits moderate hardware complexity.
10 15 20 25
SNR (dB)

VI. CONCLUSION

Fig. 12. The SER performance of the fixed-point simulatiomsa4 x 4 A high throughput and accurate QR decomposition archi-
MIMO system utilizing 16-QAM modulation and ZF detectiorchmique for tecture for4 x 4 MIMO systems was proposed Instead of
different word-lengths. ; . . . '
using traditional CORDIC algorithms to implement the phase
calculations and rotations, we employed the LUT compressio

: . thod f imating tri tric functi [o]
the LUT compression scheme is better than CORDIC-ba mﬁ" od Tor approximaing trigonomewic Unctions rapivyy

. . ) . ich also provides improved mean square error (MSE)
|mplementa_t|on when the SNR is 'afge_f than 3(_) dB._F|g. erformance compared to CORDIC algorithms. In addition,
proves again that the LUT compression algorithm is mo

$Wo-angle rotation was selected for complex Givens rotatio
accurate than the CORDIC scheme. g P

as it has lower arithmetic complexity than three-angletiota

~ The proposed QR decomposition architecture is synthesiziith nroposed Givens rotation-based QR decomposition-archi
in TSMC 90+:m technology. The gate count is about 262Kectyre was implemented using TSMC 80: technology. It
and it can operate at 214 MHz. This arghltecture can decopyy, operate at 214 MHz and it achieves the throughput of
pose a newi x 4 complex-valued matrix every four clockgs 5 \QRD/s. The implementation results indicate that the
cycle_s. Therefore_, it achieves the throughput of 53.5 MQRD/proposed QR decomposition approach has great potential for
The implementation results of our work are compared wi plications in MIMO wireless systems by achieving a higher

several other published works in Table Ill. Our design a roughput and improved accuracy compared to CORDIC-
the designs in [4], [11], [25], [26] can perform a new QR);5eq implementations.

decomposition operation every four clock cycles, howewer,
design has the highest throughput. The hardware complexity
of our QR decomposition is lower than the design in [4].

Although the designs in [3]' [6], [9], [25] have smaller gate[1] E. Dahlman, S. Parkvall, and J. SkoldG LTE/LTE-Advanced for
Mobile Broadband Elsevier Ltd., 2011.

COU!‘ltS than the proposed scheme, their throthpUtS and n?j]' S. Sesia, |. Toufik, and M. Bakel,TE-The UMTS Long Term Evolution:
malized throughputs are relatively low. Both the propos&®l Q  From Theory to Practice John Wiley & Sons Ltd., 2009.
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