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ABSTRACT

Unitary matrix modulation (UMM) is investigated in multiple antennas system that is called unitary
space-time modulation (USTM). When we consider only diagonal components of UMM with splitting over the
coherence bandwidth, the system can obtain frequency diversity in a single antenna system. In Rayleigh fading
channel, we compared USTM/OFDM with 2Tx-antenna with UMM-S/OFDM with 1Tx-antenna, conventional
multi-level OFDM and UMM-S/OFDM with changing bit rate per Hz. Also, we analyzed SNR for between
multi-level modulation STBC/OFDM andmulti-level modulation UMM-S/OFDM with changing transmission rate.
When it wasadaptive multi-level modulation to improve SNR, we did the UMM-S/OFDM system performance
analysis of N-ary PSK and M-ary QAM.

I.ME A He tEAR deld dAjo= dole] AL &

o] A AghE A Hr} ol g BA A~

o) "o} MulaE AlPkose ALS g0 ool Ad S FHI] sl OFDM
Z] 8= 348 Z) sk gAeE, A 74 {orthogonal frequency division multiplexing) $4!
A 28 AEr) Az Fukg gl wx] HAle] Hel] W@ AR A7t AGE 9o

* ol gk A3}E-41F3} (nskim7 @korea.com)  ** FhoFeishnl 2] M. F41-53} (sheho @casp.hanyang.ac.kr)
EEWE  kicks2006-10-429, AH,UAl 20061 109 244, FHEEFASUAL 20061 129 289



FFEAF I =R 071 Vol. 32 No. 1A

(L2 OFDM 541 WAl Falee] 548 $4 3
of 3%9] dloje] A& rhssiA ke WloE,
A% AT Ze FI AEE IFFT(inverse
fast Fourier transform)3 ISI, ICIS 7H4 3b7] ¢
3] R 377Hguard interval)ell CP(cyclic prefix)<
Afste]  A4sle wogx]  IBEES02.11a,
IEEE802.11g, XAIeH 4t WLANA|Z~He] EF
nale g Hg=glen, #39 HIPERLAN/ 2%}
IEEE802.16, TIXg W+ EAAAEHlQl Digital
Audio Broadcasting (DAB)3 Digital Video
Broadcasting (DVB)oll £3F AP o2 g7
31;}131-[5]_

A1Z7re] Wi AsA 7]HE o83l o
4 gkeEdel AHLq Aol AFt EE F:=
(space-time block code, STBC)°|t}. ©] STBCel
i ATEE o] feolsla, tlz:de] 7rddl
uhle AkeRAcl M [121(13]04%  Rayleigh
fast sl|o]xd Adaloll o] o}F Qe Alzwle] of
g USTM bl oigt A5 sigick shie]
unitary AlFZF A3e 3 eyl AR SgAo)x,
ARRE FARe AEZEH, g $41 Qe
ofaf AMg=eh w3, [14]91ME ol2lgt o #E]
A= gt A5 sk

B A BN A FIee a9 A
(frequency selective) o] Ade]x, o]y JA¢
o 23k ZHal7} wo] EARIc) olejdt EAHS F
o]7] ¢4  coherentd}3r,  differential 3},
convolution FEF AM-3l= USTM/OFDM Al2-H]
o] Ak o] USTM/OFDM A|2ele Fsi}
T AAA sely  AldelMe]  AlFRtel  digk
diversity °15& 2% ¥ e 5A& 72 gtk
3k 229 convolution T 9o BRI low
density parity check (LDPC) ZE. [16]el ohgt <
7} A= 3 )k (1719 LDPC Zxl= = 3ht
8 A HEE o83l Ade]  Coherence
bandwidth el ol ZHA(splitting)S 71 A
doll thgt F9l ©}58 ¢+ UMM- S /OFDM
Al2wlol] gt o] & =of girk

£ =Edde gEsEd Hze)  Hesle
UMM-S/OFDM  Al2=¥l9] A5-S B3] S,
tE AZ Rayleigh #lojd Ad Aol A&
oS B3l WY HAMHIE Z= USTM/
OFDM} splitting size®d UMM-S/OFDM  A| 288
vy, Fee] oFdd Hx OFDM A%
UMM-S/OFDM Al=5l2) 4§ Wislel| wE A5

:

52

< vjFslg e, UMM-S/OFDM Al~®l2] A4g
Halol] whE SNR#S| #AS BAslgick =3 Hz
2 A4g Zrldd ufESNRE WA dsiA o
Zyl HzE 443 UMM-S/OFDM AlAHel] of
g AAeg B4 s B =29 AL ARA
A & Y EHYE Zs UMM-S/ OFDMel| W8l
o A=mg shm, oiEEd daRge a8
UMM-S/OFDM Al28l& A3Afox] vt} A4
Aol 4= UMM-S/OFDM BRel thsle] o5 A=
Rayleigh #o]® a'd #7ela A gweldez A
e Ak, AlsAl HAES ek

I. UMM-S/OFDMAIAR

g N9 Yol UMME o] 83R=UMM-S/
OFDM  Al~®l2 coherence bandwidth®+&2] 3}
+ 2488 zZhe DS (unitary) HE ] 4RSS
olg3le] Ful tlo|HAIE(diversity)E AT
™, YA ofg3) .

e L [0}

()= (A=/<rL)

2at 1”

o e ™ )

Al (DM v =Z717F MxM Q) iz} P
otk o] A%, H¥(unitary) A o} HEELS
ohE A oSS 7] e, & A1 g A
2dolx] UMM-S/OFMD A|AH& Ful= ctioln]
AlEl(diversity)o | 55 d< 4 sich

o]5 glez FEshd, shtel 41 el
A kA sub-carrierell HigF FEbg 39 Ad §-
& ol A7 Rk

H(k) = :thp (k)es>™/ ¥

=0

=h(k)" a(k) @

37V h=lh, e ] 02 AZE S5 Jep T
=717k Pl dElelth A ()F ol8dld A
sub-carrier?] 41 A& k)= olejs} 7o) & 4
3lct.

y(&)=x(k) * h(k) + n(k)2} 3P4,

Y(k)= HR)X (k) +nk), k=L...K @3

Al 3)ofld] X(k) = coherence bandwidthT+E 74



=%/ Rayleigh #o1® #7404 c}5ad Hazukle 723 UMM-S/OFDMS] 4534

(splitting) 2 HF== unitary Ao} izt A&

o]m, )& WA Gaussian A (AWGN) AjEo]

ot FA7leA AlEE AlES de-splitting3l,

Ad AL 3 F, pHA sub-carrierd] Fupr o

o Als ke M ¥EZ Udo o3 Fas
1E

o] M B|Ex= ML Auprlel] o Hulsm, 4]
(3)9] Al 2de gk Al ofele} o] &
= sl
U =arg min i|?(k)—ﬁ(k)
k=1
. Z diag(U) mod(k, M)+l 0 |2 (4)
1=1

37|14 T diagU)aesnn ()L unitary -] iz
A8 o)}, coherence bandwidth HZe] Falg 7+
< 7= unitary Al thsidE AAoz o}
AL S95 ZA Dk o7& UMMS A3t
= OFDM Axdelld sh}e] qhe)S Algsice)
X coherence bandwidth %Hge] Fu ZHAS
A3k FI5 diversity 0)52 9L 4 LS &

% slek

A

¢

. CHS3E WX WAZ {8t UMM-S/
OFDM Al2H

a3 12 5wz 9ae a2RUMM-S/
OFDM A|2=®l7A3} splitterE ©]-85}¢] coherence
bandwidth g9 Fag FeA7le EEx o
o O¥ 1) 7] F2E dYHEE vEY] #HE
HEE fEM 2" AE3E WY A3E wHisla,
BEZ A ASES 27 o5 unitary W3 W
Alell ols) Mgtd F Fulepel thR) diversityE A

Diagonal components of  Splitting over the
unitary matrix \ coherence bandwidth

rd

ey
e | 1 §
e i i
Splitter _J

Desplitter

(b) Receiver

12| 1. UMM-S/OFDM A28 74

[T T T T 7

[ —e— UMM-S/OFDM with various splitting sizes |

.

BER
Su

BN

-20 [ 20 40 60 80 100 120 140

Splitting sizes (samples)

8] 2. Splitting size® UMM-S/OFDM A%

7] 918l splitter® E3}9 coherence bandwidthHE-
o] Fa5 A& uhErh OFDM #WzE 34
IFFTE 33, Azt d9ellMe] Be $7h8 A
ste] Agdel 28 1) FAeA, 4-
B A7 49e Bk AAska, FFTE
3lo] OFDM Hx§ 33lch OFDM Wzx Als
& de-splitter, A8 F47], ML )& 314
unitary HZE gtk

oy 224E spliter® $3}]  coherence
bandwidth?Hg¢] Faj4= 7HAE eSS doll
size™d Ao WIS A HEA, splitting size”} F
FE Aol AeAe R FURE Hol, o
100-sampleo]4-El= W3} vlm|gs o 4 glck

g 749 e ©]43F UMM-S/OFDM %4
e Deloniary) PP Bt AEE AEHm
2 AAH $05He] AgsE FA ik of
2k A FEI AFeHE PA7)7] At
of oiFdld WAl M8 =W, SNRHeIA]
N=EE 398 24 5 ek wei, R
HEE 13T Azd A ATEE, oEud
WzHAollE N-ary PSK 9} M-ary QAM ®zH}
Aol gledl, N-ary PSK¥MFE A3 Ik
Euclidean Az] d&= vl 2ok

of

d = 2Asin(x/N), [N: A 5 A: AlZ337)] )

It

& £, 16PSKe] 78] d& Atsid, d
0.393A°] Hcl 3, M-QAMd 3leA, 7+ A&
T2t Bkoll= n (n=log;M) bits2 A5 4= o
M-ary QAMoell W&t Euclidean 712 d& o}die}
Zo] 8% & 9lct

d = (2/3)A*sin( T /M),
[M: A&l <= A: signal phasor length] (6)

53



288 =4] '07-1 Vol 32 No. 1A

16QAMel W&} Euclidean 78] d = 0.47A°] &
o} 16PSK 2} 16QAMS] Euclidean 72|E ¥|a
32 16QAMe] Zvk= A & 5 Qlrh oS
M-ary QAM®] N-ary PSKel| ®vlajA] Aluz} 7V,j
< AA wovg o @ o] HeleE AT
g- glem, olo dtigt AEdHeld A= 43}01]*1
Bl 3l=E 3Pk

HA
=

V. #AFE AlEYojME B8 o

oIr

o Wz WAl 78 UMM-S/OFDM A
289 A5 AFE AEHedE B3l ¥ME
o} AlEHoldS $JsiA IFFT/FFTS] =7
+ AHgslga, AZE Y] nIgrke 25/%‘22
AH8-alict ol wHEEkAle BPSK, QPSK,
8PSK, 16PSK, 16QAME w7 3lgirh Ade 1
3 33} o] t}E 729l Rayleigh Hojd AdE
ARS3191 7, OFDM Packet Sizex 1% 49} 3l
7 A2 AEe] AR AL T =42nseco)n, 18
79 e, -1dBA ZAshe BAS Ze
dx 7L ol=E A TR AYEE FEke
AlelA (frequency selective)Fo|s A2 vjepich
o 2l AEHeIAS f% e T 1o
A3tk

— 40dB 18 path Rayleigh dis.tributed
2 -1dB multi-path fading
1
z
=
&
-l
Z
;3 ’ | ________ l | -17dB
L time
1 sample

02 3. v AR Ad =Y

{ framc ( Packet )
=64 OFDM symbols (Pilot=4, Data=60 )

r Pilot ] Data ]

-—— e

1 OFDM symbol

Guard Effective
nterval symbol interval
25 samples 128 samples

12| 4. OFDM Packet 7=

54

E 1. Ageoldg 213 e
BPSK, QPSK, 8PSK, 16PSK,
16QAM

Data Modulation

Demodulation Coherent ML detection
Data size 15.68 Msymbol/sec
Frame size 64 symbols (pilot = 4, data = 60)

Number of carrier 128

Guard interval 25 samples

Split size 8, 16, 64, 98 samples
Fading 18 path Rayleigh fading
Doppler frequency 10 Hz

The number of Tx=1, Rx=1

antenna

10° T

10"

102 bbb e S TR e S gy e rean e s e -

&
B
10? & k!
: : : ‘\ L4 .
&+ OFDM with BPSK/QPSK | { "
104 L] - -B° - OFDM with 8PSK
--a- UMM-S/OFDM (R=1)
--#-- UMM-S/OFDM (R=1.5) (3
--- @ UMM-S/OFDM (R=2) H : H

108 H i 1 1 i i i

-5 0 s 10 15 20 25 0 35
Eb/No [dB]

T2 5. 49 OFDM tis# Mz o} 235 £5 73
UMM-S/OFDMA} S B3

3% 5& e OFDM viEdd wiznk] 3
A4 &8 721¥ UMM-S/OFDMAl 52 ]—' sk
o} AFEHE, UMM-S/OFDM2 Block coded]
dZol7] wiiel EyNo 7} & lﬂlxicliversity gain

£ 4d& & sledl, ol spliting & 5 i ZH
3 54 dEel s 4 dck e @

Ey/Np ©lld+= 4418l 41371 background n01se-»]
¢33ke- 743l Whe = g ML(Maximum likelihood)
7A3}7|(detector)?t L 7155 ANE 58 s
slod F¢] OFDM Xr} VB BEREAS zhet).
2% 6& BER 1078 %471 &75HE
SNR# AHF &2 AE vepilc) Hed 32 A
% &(Bits/s/Hz) & Z+= 7-%l, UMM-S/OFDM 4]
2dl8 2ol OFDM Xt} Y& SNRo| &-pdr)
a#v Hzd A$eS Z7F A7 UMM-S/
OFDM A 2Hle- BER®] 10°& 2&A]7]E2 SNR
o] Zr7v7) " asie} sivkebd, & sl C&EIM%
ARgste R 2709 FAl el 2T 9 178 5
atelLl(1Rx)S ZH= STBC/OFDM iH] g Jlak




=/ Rayleigh ®o|= A4 t}ald WzubAl-g w28 UMM-S/OFDMS] Al5-#4

30

20

Required SNR for BER of le-3 at F¢=10Hz
b

o - @+ UMM-S/OFDM with L-ary [
[ & --®-- STBC/OFDM with M-ary

10 i i i i
05 1 15 2 25 3 35 4 43
Bits/s/Hz

2| 6. BER 10°& sH2A7)=0] §7== SNRY} A5
o] A

(channel capacity)o] &g kA =7| wFolct
gevh v]E shie] leuisingle antenna)E ZHe
UMM-S/OFDMe] Al'd -fafo] Alghs Wk} 3]
2%, UMM-S/OFDM< STBC/OFDM¥} %t
Hz A% &5 fX3] 984 & ¥x 44
714& AHE- g o] el UMM-S/OFDMY]
BER 3L Hzd Ad-8o] F7MA7IHA =24 A
%34 F3, &7HE SNRE =4 &7} g} o
d 69 AARNE], T N <HUE ZEUMM-S/
OFDM A|&®l& Hz 2 Af gl 3ol &
43}t

a8 78 S Wz ukAlg vE§ UMM-S/
OFDM®] BER “%-& HoiFrh N-PSK2 M-QAM
9] BER A%-g v|@3)7) 93] Euclidean AE|ZE
AzFsf| B, M-QAMEr} N-PSK7} 7Hgtchs AL

BER

o L] 4 UMM-SOFDM (R=1,QPSK) |- ™y
'@ - UMM-S/OFDM (R=1.5,8PSK) BERNRN
--a- UMM-SOFDM (R=2,16PSK) | 0 ® &
--#-- UMM-S/OFDM (R=2,16QAM)
10° H i 1 i H
-5 [ 5 10 15 20 25 30 35

Eb/No [dB]
gl 7. dsEd Mz waS 783 UMM-S/OFDM2] A

SHISE

334 A=slgich. o] N-PSK7} 59 3hs
Z700M o] 3 uhA| o] AZoh} AF o
3 2o 83 ARG £ARS W "ok olzldh
o]-f-2HE], N-PSKS M-QAME zZe= Zg9
OFDM ¥4uhas) 722 BAS 27 9la-2 o
et zely ¥ 79 Az He UMM-S/OFDM
4 7k 3H= 16QAM-S 16PSKXET} BERO|
ok 2.6dBAHE °]5°] sle= & F ik

V.24 E

tE SHEVOFDM Al2gl2 Aolgh sjdx|de]
v ASAZe] e e AdAdE SA4E Hel
232 tE oEOFDM A2ElL o]5-8 98
ek =gk st HAl HEHYE B8 UMM
7+ AE-& coherence bandwidth “HE-2] Fulse
7 (spliting) 2& $4151o] oh e Ad HALE A
el gt Tl o]5-8 & & vk g, 2
=rolde she] oklME AEskE UMM-S/
OFDM Alzdlef] o} il Wz wAls 8o
o5 7 E Rayleigh ol Ad 304 A EH
o]A& B3l AlxHe] Asg FABIITE AEH
ol AFERE] & F glRe] & i FeEht A
284 zZ= UMM-S/OFDM< Hz% W& AEE
o gloIx] F-83hd, AEEo] F7FIA =" SNR
EAe] Bejdhe & & stk oF RAE] S8l
UMM-S/OFDM  A|28lof| tlEed wHznbals
43l AEY 4 0SS Hl sisith. UMM-S)
OFDMA|~H-E oz Wz wile 78 &
w), N-PSK$IM-QAM®] Euclidean 725 Az3ein
w, Z2] OFDM2] N-PSK2} M-QAM<| OFDM
FAMRAL e BEXG 7T 9)88 o 4 glod,
UMM-S/OFDMS- 7|8ke 2 3t 16QAMS 16PSK
2r} BER glolA o585 o 45 & s &
ol & 5 ek

I

gNES

I

{ 1] L. Cimini, “Analysis and simulation of a digital
mobile channel using OFDM,” IEEE Trans. on
Commun., vol.33, pp.665-675, July 1985.

(2] J.A. C. Bingham, “Multicarrier modulation for
data transmission: an idea whose time has
come,” [EEE Commun. Mag., vol.28, pp.5-14,
May, 1990

55



FZLEATE]=FA] '07-1 Vol 32 No. 1A

(3] ETSI ETS 301 958, "Digital Video Broad-
casting (DVB); interaction channel for digital
terrestrial  television (RCT) incorporating
multiple access OFDM,” ETSI, Tech. Rep.,
March 2002.

(4] "IEEE draft standard for local and metropolitan
area network-part 16: Air interface for fixed
broadband wireless access systems - medium
access control modifications and additional
physical layer specifications for 2-11GHz,”
IEEE LAN MAN Standards Committee, 2002.

{5]) I Koffman and V. Roman, “Broadband wireless
access solutions based on OFDM access in
IEEE802.16,” IEEE Commun. Mag., vol. 40,
pp. 96-103, April, 2002.

{ 6] V. Tarokh, N. Seshadri, and A.R. Calderbank,
“Space-time codes for high data rate wireless
communication: performance criterion and code
construction,” IEEE Trans. on Information
Theory, vol.44, no.2, pp.744-765, Feb., 1998.

(7] V. Tarokh, N. Seshadri, and A.R. Calderbank,
“Space-time block coding for wireless
communication: performance results,” IEEE J.
of Select. Areas Commun., vol.17, no.3,
pp-451-460, Mar., 1999.

(8] V. Tarokh, A. Naguib, N. Seshadri, and A.R.
Calderbank, “Combined array processing and
space-time coding,” IEEE Trans. on Information
Theory, vol.45, no.2, pp.1121-1128, Feb., 1999.

(9] G. Raleigh, and J. M. Cioffi, “Spatio-temporal
coding for wireless communication,” IEEE
Trans. on Commun., vol.46, no.3, pp.357-366,
Mar., 1998.

{10} S. Fukumoto, M. Sawahashi, and F. Adachi,
“Performance comparison of forward link
transmit diversity techniques for W-CDMA
mobile radio,” Proc. of PIMRC’99, vol.3,
pp.1139-1143, Sept., 1999.

(11) S. M. Alamouti, “A simple transmit diversity
technique for wireless communications,” IEEE
J.  Sel. Areas Commun, vol.16, no.8,
pp.1451-1458, Oct., 1998.

(12) T.L.Marzetta, and B.M. Hochwald, “Capacity
of a mobile multiple-antenna communication
link in Rayleigh flat fading,” IEEE Trans. on
Information Theory, vol.45, no.1, pp.139-157,
Jan., 1999.

(13] B.M. Hochwald, and T.L.Marzetta, “Unitary
space-time modulation for multi-antenna
communications in Rayleigh flat fading,” IEEE

56

Trans. on Information Theory, vol.46, no.2,
Pp.543-563, Mar., 2000.

(14] B.M. Hochwald, et.al., "Systematic design of
unitary space-time constellation,” IEEE Trans.
on Information Theory, vol.46, 10.6, pp.1962-
1973, Sept., 2000.

(15) C. Ahn, and 1. Sasase, "Convolutional coded
coherent and differential unitary space-time
modulated OFDM with bit interleaving for
multiple antennas system,” IEICE Technical
Report, SST-47, pp.75-80, October, 2002.

(16) C. Ahn, and 1. Sasase, “Convolutional coded
coherent and differential unitary space-time
modulated OFDM with bit interleaving for
multiple antennas system,” proc. of ISA 2003,
Malta, Sept., 2003.

[17]) Z3gep, 743iml, A3, "UMM(Unitary Matrix
Modulation) & ©]-83%+ LDPC(Low Density
Parity Check) FT]E OFDM Al~g)" -5
&13]%], 308 593, 2005, ppd36-444.

2 Y £ (Nam Soo Kim) 3]
R 1000 249 7kluEa Axy
FI(FEAD
199611 849 dfgn Hx-
33} (FEA 4D
1997\ 89~2003d 74 €3

N .‘ A6 18] ATFUHW FNE
0 i

20043 594~2006'd 94 === QHEFHH/W F-of
€3

1999 34~dA Fefstal AA-EA I35 vt
AL

<Rl tiAY B4 9 o554l v, f54 B
Al A2~

Z M & (Sung Ho Cho) A=A
o | 1978 24 gefistae AR
| kD
;=W | 19843 128 University of Iowa
L AAnwEEsek )

d % | 1989 89 University of Utah
vy AP Btk A
1989+ 84 ~19921 8¢ ==

A-sAlATd A
1992 9~ gheflfshan AR FAINE} 2
<Rl oA=A 28 H/W 2 S/W AA), SDR 4]
2 A7), ==X, 01554l RFID



