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CDMA Principles'
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From Continuos Signalsto Signal Vectors'

e Received signal in a given bit interval at the base station ofiuser
K
rt)="> v/pjhijbjsj(t) +n(t)
=1
e Chip matched filtered and sampled signal
K
r=7% /pihijbjsj+n
=1

e Detection problem:
given the received signal find out what was transmitted by each ugér,---,bx }



Optimum Multiuser Detection I

Define the bit vectob = [by,---,bk]"

For equally likely messages, choose bits of the users according to

mbaxf(r | b)

Jointly optimum multiuser detection (Veiig1984)

min b'Hb—2b'Ay
be{£1}K

whereH = ARA,
R is the cross correlation matriR;; = s' sj, and
A is the (diagonal) amplitude matriR;j = /pihii

Nice convex cost function, but discrete feasible set.
Need to check all possiblé2it combinations.

The optimum multiuser detection iP-hard(hasexponentiatomputational complexity)



Linear Multiuser Detection.

Given the received signal,
r= ji\/mmsj +n
choosec; and make bit detection according to
bi = sign('r)
Single-user matched filtec; = s

DecorrelatorChoosec to maxc;' s)? while c's; =0 for j # |

MMSE receiver:.Choosec;j to minE [(¢;'r —b;)?]

< 1
G = <zphIJSJSJ+U|N> S

— 0 (SAZST + ol N) _1si



Near-Far Problem'

e For theith user

vi=c'r=/pihibi(g's) + g_\/pjhijbj(CiTSj) + (G'n)
I

v J :
desired signal ~ v Gaussian
multiaccess interference

e Users with high received power can degrade the quality of communication of weak users.

e Possible solutions:
— multiuser detectionsuppress the multiaccess interference and/or Gaussian noise
— power control:balance the powers
— signature sequence desi@void the multiaccess interference

— receiver beamformingnultiple antennas for diversity and interference suppression



Controllable Parameters'

e Each user has a powgqp;{, a sighature sequencg)(and a receiver filter)
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SIR Constraints.

Filter output of user has signal and interference components

Vi = v/ pihii (6 s)bi + ; V/Pihij (e s)bj + (G ni)

. JF#I
desired signal ~ — .
interference

Link quality is determined by the SIR of the user

SIR Signal Power pihii(c's)?

" Interference Power Y i+ Pihij (¢ sj)?+0%(¢' ¢)
Bi: SIR target of user.
SIR target has a 1-to-1 relationship with the Bit Error Rate (BER)

BER < ¢ = SIR > (B



Reduction to Conventional Power Control '

In the general, SIR of user

h (el )2
SIR = p.h..T(C, 23) 2(T
> i+ Pihij (¢ sj)% +0%(¢' ¢i)

Fix signature sequences of the users
Then, letc; = 5, i.e., matched filters
Notes's =1 and defingj; =5's;

Pi i

SIR =
S i Pihijpf + 02

SIR; is a function of the power vector only
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Controllable Parameters'

e Each user has a poweqp;| — signature sequences and receiver filters are fixed
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The Conventional Power Control Problem.

e Find thecomponentwise smallest power vector such that

pi hii .

SIR = > fBi i=1---,K
S pihipf+0°
|7

e SIR constraint for th&h user

g.h..p.Z. .52

i > Ikllj IJDH‘% — pi > li(p)

I I

|7

e In vector notation
p>Ap+n — p>1(p)
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Power Control — Feasible Region I

B>1.(p)

e

/

e In generabptimum power vectois found atp = I (p)
p=Ap+n <=  p=(-A)"n
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Power Control — A Distributed AIgorithmI
B>1.(p)

pz &

/

/ :
Algorithm: p(n+1)=I(p(n))

e Theorem 1 (Yates) If | (p) isstandard (positive, monotone and scalable), then
p(n+1) =1(p(n)) convergesto the componentwise smallest feasible p.
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Power Control — I mplementation I

pi(n+1) = li(p(n))
Bi
= Sirm P
@measureSR
S Si ----------------

matched filter
of user i

@ update power |

feedback: current SIR
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Joint Power Control and Interference Suppron'

Fix signature sequences of the users

But, do notfix ¢; to be the matched filter; treat as afree-variable

SIR of useiti is a function of powers of all users and receiver filter of user
Find jointly optimum power vector and receiver filters such that

pihi(c's)?
S i+ Pihij(c'sj)?+02(c' ¢)

ZBi I 17"'9K

SIR =

with componentwise smallest power vector (Ulukus-Yates, 1998)
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Controllable Parameters'

e Each user has a powaqp;| and a receiver filterq{) — signature sequences are fixed
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Joint Power Control and | nterference Suppression AIgorithmI

Define interference function

 Bi Y« pihij(cs)?+0%(c ci)

li = min-—
B . c' (Zj;éi pjhijsjszJrcrle)ci
= —min
hij (G'si)?

| (p) is a standard interference function.
Power control algorithmp(n—+1) =1 (p(n))

The algorithm converges to the componentwise smallest power vector (and corresponding
receiver filters) where SIR requirements of the users are satisfied.

Inherently a two-step algorithm. At each stgp
— For fixed transmit powers, find receiver that minimizes the interferavddSE filter

— Update powers tqust beathe interference at the output of the updated filters
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Joint Power Control and Interference Suppression — | mplementation'

e Update the receiver filter to be the MMSE filter
e Measure the SIR at the output of the updated filter

e Update power in the usual wayp; (n+1) = ﬁ'(n) pi(N).

@ measure 3R
— 1 G e

receiver filter
of user i

@ update power E
= E

=TTt feedback: currentSIR

mobile i
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Joint Power Control, I nterference Suppron/AvoidanceI

Do notrandomly choose or arbitrarily fix the signature sequences.
Treat both signature sequencgsand receiver filters;;, asfree-variables.
SIR; is a function of all powers, all signatures and the receiver filter of user

h. (] «)2
> i+ Pihij (¢ sj)c+04(c )

Choose jointly optimum powers, signature sequences and receiver filters to
— maximize the user capacity

— maximize the information theoretic sum capacity

Multicell case is an open problem. Assume a single-cell system from now on.
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Controllable Parameters'

e Each user has a poweqp;{, a signature sequencg)(and a receiver filtere{) — single-cell
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| nformation Theoretic CDMA Capacity'

LetS=[s1,%, -, ]

Csum maximum total number of bitk users can transmit on the uplink (Verdl986)

Csum= % log [det(l N+ O_ZSPST)}

For equal powerp; = pfor all i,

1 Pect)] 1 P o1
Csum= EIog [det(lN + ?SS )} = EIog [det(IK + ?S S)}
To maximize the sum capacity (Rupf-Massey, 1994)
— If K <N, S'S=1Ik K orthonormal sequences

—IfK>N, SS"=X |y K Welch Bound Equality sequences
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User Capacity'

Maximum number of admissible users given processing §aand SIR targep
K users aradmissibleif there arep; > 0 ands;, ¢ € RN such that SIR> B, for all i

User capacity of single-cell synchronous CDMA (Viswanath-Anantharam-Tse, 1999)

K < N(1+1/B)

N _—

— Equal received powers: pi = pforalli

— WBE signature sequences: SS' = (K/N)Iy

For this configuration: MMSE receiver filters are scaled matched filters!
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Simpleexample, N =2, K = 2'
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Welch’s Bound, Minimum TSC and Optimality'

ForK unit-energy vector$sy, - - -, S« }, Total Squared Correlation (TSC) (Welch, 1974):

TSC= i %(S«TSJ')Z > K
i=1{=1 N
If K <N, the bound is loose: TSE K. The bound is achieved i8'S= I.
If K > N, the bound is achieved i8S’ = %I n (Massey-Mittelholzer, 1991).

Minimum TSC<«—= Optimum signature sequences

Goal: A simple algorithm to construct them.
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TSC Reduction.

Separate terms that dependspin TSC

TSC=(s's)%+2s" (ZSJS) I(Z#;(SIS)Z

Many ways to reduce TSC.
MMSE update(Ulukus-Yates, 1998) replag with

C=aiA s
whereA; = > 4iS] sz +a?ly, anda; is the normalizing factor.
Ci is a generalized normalized MMSE filter for user

Eigen update(Rose-Ulukus-Yates, 2000) replagewith the minimum eigenvector &;.
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Algorithm Properties'

Replaces; with normalized MMSE filter (or eigenvectot)
S=I[s1,"",S-1,8,S+1, %] — S =[s1,",5-1,C,S+1, K]
The proposed updates decrease the TSC, and increases the sum capacity:
TSCS) < TSCS)
Csum(S) > Csum(S)

Let users update their signatusesgquentially(one user at a time).

The algorithm producgsrogressively bettesignature sequence sets and converges to an
optimum set under mild conditions on the initial set.

Need sequential updates condition for the convergence proof.
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A Sample Run — start I

=



A Sample Run — 1st user updates
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A Sample Run — user updates
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A Sample Run — 3rd user updates
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A Sample Run — after convergence'
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min. and max. eigenvalues of ss’

Min/Max Eigenvaluesof SS' and TSC —-MMSE Update'
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| nter ference Avoidance — | mplementation I

e Calculate the receiver filter to be the MMSE filter

e Update the signature sequence and the receiver simultaneously

@]E;lalculate MMSE
iiter C
. @ updates; to ¢,

matched filter !
of user | !
@updatesi toc I
S I
' I
= i
<_ ____________________________________________
feedback:c;
mobile |

37



Further Improvements'

— Requires immediate feedback asyhchronization between transmitter and receiver

e Possible shortcomings

— Or, run signature adaptation algoritlofi-line, when done, update transmitter once

— For convergence proof, users need to take turns for signature updateggiential
e Is anon-line, parallelalgorithmwithout synchronizatiopossible?

e Joint transmitter-receiver optimization (Ulukus-Yener, 2002)
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Controllable Parameters'

e Each user has a poweqp;{, a signature sequencg)(and a receiver filtere{) — single-cell
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Related Performance M easures'

Need to introduce receiver filters into the optimization
RemembeCsymand TSC are functions of signature sequences only

Look at the MSE of user, MSE;
MSE = ciT (SST + 0l N) Ci — ZCiTs +1
Define the total MSE
K
MSE = ZMSE —tr [CT (SST + 02l N) C—2CTS+Ix
i=

whereC = [cy,-- -, Ck].

MSE is a function of signature sequences and receiver filters.
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Equivalent Optimization Problems'

e Using MMSE filters as receivers, we get the system-wide MMSE

MMSE = K —tr | SST (SSTJroZI )_1_ _ Koy N
) 4\ +02
- N
TSC=tr|(SST?| = YN
| 2
Csum= élog [det(INJrcr SS ) = éizllog <1+ ?>

e Csumis Schur-concaveand MMSE and TSC ar8chur-conveunctions of{A;}N ;.

e Signature set that maximiz€ym minimizes MMSE and TSC, and vice versa.
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M SE Minimization '

Minimize MSE over receivers and unit energy signatures
min  tr [CT (ssT +02 N) C-2CTS+I K}
{ci,s}
st. s's=1 i=1,--,K

An iterative algorithm usinglternating minimization
Receiver update for user

T 2 -1
Users can update their receivers independentlyjn@arallel

Transmitter update for user
- -1
s =(cCT+ailn) c

Users can update transmitters independently,ingarallel
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Joint Transmitter/Receiver Optimization —| mplementation'

e Update the receiver filter to be the MMSE filter
e Calculate new signature sequence with the updated filter

e Update the signature sequence

update filter
@(to MMSE) @ calculde

news;
receiver filter :
of user i !
S |
! |
] |
<_ ____________________________________________
feedback:s;
mobile i
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User Capacity in Asynchronous System I

What is the user capacity of a single-cell asynchronous CDMA system?
How do we choose signature sequences? Optimality criteria?

Traditionally: choose signatures witimiformly good auto and cross correlations for all
delay profiles [Pursley, Pursley-Sarwate, Massey-Uhran, Mow].

In every wireless system, for some time, the delays of the users are fixed
Design signature sequences thatlaes for the current fixed delay profile

.... without having to know the current delay profile!
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Asynchronous I nterference Representation I

user i
user j _________
d; = d-d
§ = TRdijﬁ
§|j = TLdij%

e Received signal of thegh user in one symbol interval

i =/pibis + ;m(ﬁﬁ,— +bjgj) +n
J#I
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Asynchronous cross-cor relations'

Define total squared asynchronous correlation (Ulukus-Yates, 2000)
TSAC= ; 5 {752+ (5)7)

Optimum signature sequences minimize the TSAC.

Optimum powers are all equal.

The user capacity of the asynchronous system is the same as the synchronous system.
There is no loss in user-capacity due to asynchrony.

With optimum signature sequences, single-user, one-shot matched filters are optimum.

46



TSAC Reduction.

Optimum signature sequences minimize the TSAC

Similar to the synchronous case, separate the terms that depsnd on
TSAC=(5's)*+25 (§§j§Tj —|—§ij§iTj>S +;;Rkl
J#I 11

Many TSAC reduction algorithms are possible

Asynchronous MMSE update:

whereA; = ¥ §js; + 5% + a2l .
Asynchronous eigen update:

¢ = normalized eigenvector &; with the smallest eigenvalue
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Some Open Problems'

Multipath channel without ISI (some initial results available)
Multipath channel with ISI
Fading channels

Channels with multiple transmit and/or multiple receive antennas

— Interactions between spatial and temporal signatures
Multicell channel

Signal design for security:

— definition of secure signature sequences

Signal design for cross-layer interactions:

— e.g., jointly optimum signatures and route/flow assignments
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