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Abstract

This paper presents a processor that performs QR decomposition (QRD) as well as Lattice Reduction (LR) for
multiple-input multiple-output (MIMO) systems. By sharing the operations commonly required in QRD and LR, the
hardware complexity of the proposed processor is reduced significantly. In addition, the proposed processor is designed
based on a multi-cycle architecture so as to reduce the hardware complexity. The proposed processor is implemented with
139% logic gates in a 0.18-ym CMOS process, and its latency is bus for 8 x 8 MIMO preprocessing both QRD and LR
where the operating frequency is 117MHz.
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(R, Q , T) = Joint_QRD_LR (H, mode)

D R=H, Q"=Iy;ens, T=Insens ; stop = FALSE;

2 k=2;
3) while k < Ny % Update R and Q using CU;
4) 0= [—abz with @=R (k-1k-1)/| R (k-Likik-1) || ;
b=R (kk-1)/ | R (k-1:kk-1) | ;
5 R(k-Lk, k-1: Ny) = 8R (k-1:k, k-1:Np);
6) QC, k-1:k) = 0Q (¢, k-1:k);
7) end
8) while stop = FALSE or mode = 1;
9) k = 2; stop = TRUE;
100 while k < Ny
11) form=4k1:-1:1
12) 1ty = QUANTIZATION (R mi/R mm, [0, £1, £2]);
13) R(im, k) = R, mk) - R (1, mm);
14) TC, k) = TC, k) = uq TC, m);
15) end
16) if | ﬁ/ﬂ,kﬂ [ > iik,kl
17) Swap (k-1)th and kth columns in l~2 and T
18) Update R and Q using CU;
19) stop = FALSE;
20) end
21) k= k+1;
22) end
23) end
a3 2. Hetsks =2AMAMe QRD2E LR 35 oddtmt
oS
Fig. 2. Joint QRD and LR in the proposed processor.



20154 83 MASSt

3 =2X M52 H8= 43

Journal of The Institute of Electronics and Information Engineers Vol.52, NO.8, August 2015

= wAHoR gyl stEdo] il Tt Ths
3} w}aw Aetsts Z2AAE QRDSF LRe 14t
& Sdte] 28R o] fulE F7H7]

, shte] SEsel e Fhate] 7} Qare &

L §2 o

Aekshe T2AME QRDSH LRS A4S 49
Hom Fadth gRE A% 23 wiel 2549
A Az $49 QRDE IAACE AT, Dol

ute} LRO| Faol §7F A Hrt 17 2% Aljbste =
ZAA ] A HA S e THA ZolA Ivrenis
NNy 2715 7B d9ldolrh. 84 oA
mode Aol & LRS A% # AAsHA Aot w
o Ado] o] Fo} LR T Fart glokd
mode A3 002 Q189 Zlola, Ade] Ao B
st LRS F33t7] 98] mode A5+ 12 949
olth g w2 99.9%7} 0, £1, 223t 2 As#|7] uf

¢

L O

A

£o 1284 %] QUANTIZATIONS E3dto] y, 7t
o FAEH R@b, cd)e R a¥HE b3, cAH-
B dd7tA o] BR8-S oujgtt 2-7HA & GR

e 53 QRDE yErth o] AN HE
unitary #% Q¢ upper triangular 2 RZ Eaj €},
11-18M4 =& LR ¢ag]Eel HOLLLS yekdit)
HOLLL <& a4 4<Ql iterationihs 3 a}7]
W2o] 2429 latencyE DAL LRE 11-15¥4)
=9 pgks FAskE F Ry T size reductions <+
& d}= p-calculation & size reduction ¥4, 16—179

Rl S
R (2715 1D |

[ csu h L

T (2708 Il Lo /

Q (F713k L) [ ]
L]

o
L~

(@

» cU [ — - L'sing‘only this for QRD

| o

A #9] Siegel's conditione]l Wl R, T¢ & g o
3l AXS 4=3)3k= condition & swap ¥4, 18HA =
9] basis update FAHOE JHA Ar} basis update
WAL QRD9 FYsHA GREA S AMgslY, CUE %

sl size reduction?t & WE Q] wIAHS AX RS
upper-triangular 3 EZ WHE|F7] Y3+ AXNS =3
Eig=g
2. & TS 7K e 7
Aerst= A A ZRAME B stEdo] Bk
& 9487 flate] b5 AlolF ol7|ElA Wt w A
=

Astatt. 1 A3} 7129 pipelined ©}7]E)#] 7]Hko.
AAE AFEd BA e Frgo] BHAEE 7k

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

i i
| |
| i
| ‘\'l :
| -
| ¢ Caleulation | | R
| & — :
Hgl; Size Reduction |
! Unit (MSU) |
I | RG S ‘
* 1
: Candition |
: - N L
| Swap Ly T
T (2718 Lo Unit (CSU) P
| |- |
| |
| |
| |
* 1
| ) CORDIC |
| QAR ) Unit (€U) ~ !
| f—a
! |
i |
| |

a3 3. Hetsks Mzl Z2MAMe M =
Fig. 3. Overall architecture of the proposed processor.

- Using 3 modules in sequence for LR
‘ > 7 - /\ 3
}—D 4 MSU — [
H
R (7] ik H)
@

] M csuU N .

T (2712 Tl | /

cu -

(b)

8 4. Hetste © XMzl Z2AMMel QRD2H LR &2 1Y (a)= QRD Z =00 CURto| gM3Et=C (b= LRE T8
& Al ZMslEl= |f4H0[22, MSU, CSU, CUZF =AM o2 S&tSHo
Fig. 4. Activation of the sub-units in the proposed processor for (a) QRD and (b) LR

(1445)



44 Cts 3 O 28 S8 A2HES 9t § S&%T9 Joint QR decomposition—Lattice Reduction =ZA|A et

I’E
-0
e}

WA E 53 £79 latency S 2ttt 7|&E9 A4 5 T v= CUTol F2elH, LRSS 3% ue
< throughputS &4A17171 $15ke] pipelined ©}7] €14 MSU, CSU, CUZ} A8 oz F2A s, Aetsts 7
Z|gto 2 AASHTE AN AA MIMO Al~"E Al ZZAA9 QRDS}F LRY &2 ¥ 17 49 A]

o
Te] AE dHE AR Ze9) G9R FAlo] o] F A gt
oA, gzl el Ad Aol sdsith MSUN A& ugks AlAFsE H R, T9| size reduction
7HRE 7] ol A8 A3t o]de] Ads Fg HA S gt a9 5% MSUY UlF 25 YEpdch
4L throughput®] AR TFE latency BHH o A WA R, T7F 959 Rl o8] pgto] Aitwch
s

7} asith weh B =Ee =8 3l=9o] & HOLLL ¢i8]&S AFgal7] wjitel] pzks Ad At
£ 2+ pipelined o184 7F obd thg Abo]E o} A eFal dAkst A7l S S A BEREE
A 7o g stEgolE FEste] v stEso] & WA p-caleulation 5 #hs $AS A7l o
=2 243t QRD9F LR basis update =5 CU oS St dARsE H ik size reduction 552 HE]
Estod GREA o2 Arks st @t GRYA FYA ] Aojder dHEn AN AFE size

any

A7), A ZE Aa7)5 Hlad stege] Bgwr) reduction £Zo°] 9J8] R, T2l size reductions <33t

QLMLFIOMIMEELEI-HAEH

oli6] CORDICH| ¢35 2to] 7bsstne A Baw t} o] AL %3 =P IEE FIHEHAY7] o 1
sglof F@ol Ay Aol Aotahe T 2 AlelZo] ARETh AME Re 7 F W9 2
A F A Ael BAe A FHAS B9 CUZ F /17 Hobddl Ha, AAE T AR A ofF A%
FHoRM o] EREE IRk 19 38 Al AE BA & o A&k
obal= st=slole] AA of7|ElA= vehith QRDE CSU®IA+= size reduction®l R, T & #E w3t
R(:m, m) s |
h -1, m. A !
RUi4—1, 1K) Eh?% »1 j—»}t !
Lf(q/ﬂt 0|~ ﬂ]ﬂ% sl ) %\ e
i MSB i_R_row_sel 0—o - ‘ =P i
E—LE( N [> 71:‘ J—.sgmﬂRe"m [ I J‘ r i 1,R,rfw,su1§
! T . s R(:m, & |
| .R_T{ . > ] " 1Re o (size r:luced) |
i_R_row_se ﬂlRe ﬂl\k,ﬂz
R s
. j \} 0—i~ [ EJ*
‘ ﬂllm R(1:m kb 0—“\‘ r_/
iRetm_sell [ 551 || J
D _ l 111 1™
| lj J—’Sgn—ﬂ ke R size reduction
u—calculation Py
| \ﬁ (lim, m)
T : \(%Jﬁ*
| s
‘ i_T_row_sel
(size reduced)
IlReﬂZR
. J
J J 07\ [ }7
T(Lim, k) 0
i_Relm_sel >>1
111 1!21’"
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T size reduction |
a8 5 Msuel WfgET= ( {«)edike 23 ololEfe| concatenationg &Sl )
Fig. 5. Internal structure of MSU, where { ¢} is a concatenation operator.

(1446)



20154 88 X33 ==X M52 HM8E 45
Journal of The Institute of Electronics and Information Engineers Vol.52, NO.8, August 2015

Aol o]FojRt} ¥ 62 CSUQ W Fxolt}
Siegel's Condition Check E5olA Re] tfz A &S
Hlaste]  swap 27E& AR weF Siegel's

condition®] WHEslA] &=t Swap fFuldA] 4 A

6. CSuel H&+=x=
Fig. 6. Internal structure of CSU.

Reor 1 F‘\ _%\ Rrow 1
R— ¥Partial CORDIC #1 Q
ol QeoL1 e }&1 _
¢ % p—{ (} =R
| Reol o
Reot2 F HUHT o
| I O
I | D Partial CORDIC #2( 1| k.., | °
b Qoo [ .
q- 7 . Qeo ~
7 . Sl T
B . il ﬁ Prrovd
Regis | ] Qo] -
L[’/’; E—l|| =
~ %Pamal CORDIC #8[ || 3 [rowls
) QCOL8 ™ N — S~
1’[/

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

H7b wgtE R T7F HE A3=E dojd Zola, wt
= gd 7129 R, TV7F HF 23E dojd A
Siegel's conditiong AH&8o A CLLL 2agE o]
Lovasz's conditiono] Hl&| ¢4k Egw=Z w3
Siegel's conditions E3}e] Re| W7 A7)%k
Hwshy 2318 e Al ZF d HE 9 ugk 3ol
39t} Siegel's conditione Swap e Ao 4l
2 AYEH 2A4S wEE A] 2719 Swap 4ol
R, To & ¥y usgk o] Aol A= 2 =
Y322 FEH o 1 F2 Ato]F o] AQ ¥

CUE 8719 ®#AQl partial CORDICS
GRS E38te] QRD$} basis update 14F
o 29 72 Cu9 Wi 7xE dyehdt Ry Q7F
dEHL 7 A HEoA 27}14 3wte]  partial
CORDICe €. Zizs =49 HEsd
concatenation® 1, HEHow 7zt 3y WEy}
concatenation®©] A7} &&=
T PR BE IS Ao Aitetr] 9f@l partial
CORDIC 8715 W#EH o
R9| basis updateES & Tjrxﬂ,gi 3t 8 x 8 P
= 4 9eE B 2 A F 2709 Aol AEy
o] 247t partial CORDIC-J Yoz 5ot partial
CORDICS B} 47+ critical paths aLelate]
CORDIC <4HS  4stage dAst]  Apg3Ith =
CORDIC A2t} 522 FdatA]gt 489 CORDIC ¢4
Aol 1 F8 Aleld &t FdEh o224 &L
pipelined T2 AAY HOLLL €xgFe] vl o

1

Ir
-
:
©
co
g

>,

Ry

i ~ ~ ~ .
! - —o - < . 1]
- 1 L g + i + 5 + B i: )ﬁ
i L. . - -
| N ™~ N b ->>1
I ~ N N c ~ . .
F IS + E+ + }F+ ’

>>6

i
|

1[N Ciin SIGN dyy SIGN diin
! X E
i

i

Eexnll

| T~ . . ~ — i
| < T L - 1 b [ 1 o
o Eamle Jrm N I thE MRt +ff .

L=

Qv

a8 7. (a) cuel HEF= (b) Partial CORDICS| LHEF=
Fig. 7. (a) Intemnal structure of (@) CU and (b) partial CORDIC

(1447)

- ~ :

o hDE L Eznt G
e + S>3 + +H—1 | Qv
1

Eeal i



46 Cts 3 O 28 S8 A2HES 9t § S&%T9 Joint QR decomposition—Lattice Reduction =ZA|A goj 2 Q|
vre sluglo] EFEE G & Qdrh AlQtste A "
‘%1“'4 Eik]]}ﬂl_“: QRD9+ LRe] <Al 1}-7@9‘ %A}-/\é% %?ﬁ:q:;;lgzw(?ropnsed)
o] g3l =g 9 FHE B st=do HH= o' o sigamsic Crrerene®
—¥*— 64QAM-LR-SIC(Proposed)
£ L3N, T AlolF ol7ElA V|Rte R A7
8191 7] Wiol| pipelined o}7]E1A 7|Hkoz AAHE 7] |
Eo =i B g WaN W almgle] HikE G
2 ztowAx 3 59 latencyE B4 5T
10k
v, 7 22t & 0F .
10 0 5 1‘0 1‘5 26 2‘5 3‘0 35
SNR (dB)
ARbste T2 A= AE Aot dasgh Ad A 3 (@
A QRD®}F LRE ALstes: Fd=U A=
Ei ﬂ/q'— X{ %ﬂ j’,]_XC—)]?‘ LR% Z']]%%EI——O—EM1 jHLéO 10’ —O— QPSK-SIC
Jejoll W& BER Ae g3rF At A8 Hy W i?"l’gs‘]‘:‘%zwwmw“d)
i ——16 AM-I:,II::-SIC(Prnpnscd)
HMo] BER A%< A7t 18 88 A A7 34 " e TR sICPrapased)
LRo] 3% A %2 SIC, Al¢tsli= QRDS}F LRe] 2% I
A A Z2AANS 7S SIC A3 e AlEY g
NEY oUAS) G AE A=Y Bue) A 4
ofglr}, Aotsh= A A #BgS AX SIC Hak By .
10 F
2 7]E SIC Azt W) v&) A ¥ BER A%
ol AFE ‘%E}‘ﬂﬂr. signal-to—noise ratio (SNR)< w0’} : - i - - It I
& Helth £44 eHY 47012 Zha QPSKe} 16QAM e
S A Y5t MIMO A28 Aol A Alctkst= A 22 (o)
4L 73 SICE 7122 SIC A3 B3 v astel 1% 8 BER IS
ol 1030l @ gl o A ol (@) : 3x3 MIMO AI2E, (b) : 4x4 MIMO Al28
E_E_R 850l 1079 W 747k 10dB, 7dBe] 4% o5 Fig. 8 BER performance.
F ek (@ : 3x3 MIMO system, (b) : 4x4 MIMO system
Aotsl= ZEAAE 0.18-um CMOS 42 A 2}
olueelE Agstel GHHe] Al UMHzS B4 mzaldel TRANE vmd Helth 7lEe] 74 2
Forg et e 71E9 padne Adsie AP MqE QRD ®E LRWS £9E A
1. 78 Z3
Table 1. Implementation results.
Processor [11] [14] [15] [17] This work
Functionality QRD LR LR QRD-LR QRD-LR
Matrix size 8 x 8 (real) 8 x 8 (real) 8 X 8 (real) 8 x 8 (complex) 8 x 8 (real)
CMOS technology 90nm 65nm 90nm 90nm 180nm
Operating frequency 125MHz 833MHz 37MHz 55MHz 117MHz
Latency (us) 0.29 0.38 3.89 435 5
Gate count (KGE) ¥ 115 193 200 456 139
FOM P 241 16.34 34.7 092 12.30

¥ IGE = 7} 2L 2-input NANDS] Alo|E 4

P 1FOM = 10° /(KGE-latency(cycles))
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