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Kritsada Mamat 2010: Low Search Complexity Signature Quantization Schemes for
CDMA. Master of Engineering (Electrical Engineering), Major Field: Electrical
Engineering, Departmant of Electrical Engineering. Thesis Advisor:

Assistant Professor Wiroonsak Santipach, Ph.D. 75 pages.

This work considers a reverse-link code division multiple access (CDMA) where
mobile is a transmitter and base station is a receiver. In CDMA, mobiles or user use different
signature code to communicate with base station. To increase system or user performance, user
need to adapt its signature to a time-varying channel. With channel information, a receiver can
compute the optimal signature for a desired user. To relay the signature code from base station

to the user, the signature need to be quantized due to limited-rate feedback channel.

We propose three signature quantization schemes with low complexity, namely, a tree-
structured random vector quantization, PAM (Pulse Amplitude Modulation) and k-dimensional
(kd) tree. The proposed schemes are compared with a RVQ scheme, which use exhaustive
search to locate optimal signature. We first consider single-user signature quantization and then
extend to multi-user one. From numerical results shown, kd-tree among the proposed schemes
give the best performance with less complexity. The search complexity of all 3 schemes
increases linearly with number of feedback bits for both single-user and multi-user cases. At 1
feedback bit per processing gain, kd-tree perform almost the same as RVQ does. In the example
shown number of inner product computations used in kd-tree scheme is 3 order of magnitude

less than that used in RVQ.

Student’s signature Thesis Advisor’s signature
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RVQ Encoding Algorithm (Santipach and Honig 2005)

1: SINR(s)) = 0
2:forj=1 : 2" do
3:  Compute SINR(Vj).

4: if SINR(v) = SINR(s,) then

5: S, =V,

6: SINR(s,)) = SINR(vj)
7:  endif

8: end for

9: return the optimal vector v,
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S = arg max SINR(V)) (17)
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RVQ Encoding Algorithm (Santipach and Honig 2005)
1: SINR(S)=0

2:for j=1:n do

3:  Compute SINR(V;)

if SINR(V;) 2= SINR(S) then

5: S=V,

=

6 SINR(S)=SINR(VJ.)
7: end if
8: end for

9: return the optimal set of signature S.
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RVQ with Permutation Encoding Algorithm

1: SINR(S)=0
|
2:for j=1: (nxK)!
((NxK)-K,)!
3 Vy=[s, s, .. s;azbz..#cc=K,

4: Compute SINR(V)
if SINR(V;)=SINR(S) then
6: S=V,

W

7: SINR(S) = SINR(VJ-)
8: endif
9: end for

10. return the optimal set of signature S.
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d=> Hc H+ D e, = vl (18)

Viev, VeV,
Taui V, uaz V, Tuaumsd 18 Lmuu@iazﬂicjuéaamammm%’muﬁumiﬁ (19) uag (20)
Vi={v; eVl - v <o, - v} (19)
1z
V, =V \V, (20)
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Generalized Lloyd Algorithm (Santipach, 2008)

1: Start with initial centroids C(O) 20) , RVQ codebook V ={v,,...,V 5 },and

the distance metric d°=0. Set k=0.

2: repeat
3: Find
k k k
VY ={v, eV ’HCE ) _ViH < Hc(z ) _ViH}
VAREAVALVVALS
4: Compute
= 3 vl 3 R -ul
Vi eV vke
5: Compute new centroids
ok — V. /’V(k)‘
1
V; eVI(k)
ok V. /’V“()‘
2

Vi EV(k
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where ‘Vi(k)‘ denotes number of vectors in the set.

6: k=k+1
k) _ A k=D
7: until u< &
d(k)

& g £ ¥ s A ) =
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k) v 1 a o 3’, Yy [ o 1
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] 9
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N
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Tree Building Algorithm (Santipach, 2008)
1: Generate RVQ codebook with 2° entries.

2: Store the entrie codebook at the root of binary tree.

3: repeat

4. Use the GLA to obtain the two centroids C, and C, and the corresponding two
clusters.

5: Create two child nodes and store each subset in each child node.

6: until Each node contain only one vector

a [ 1 (9 1 4
aeasmsasnanlaayauuy Inseaiieduldnlde1ves luauqa (balance) nwA 13 udaa

Yy &

1 v
dregvedIassadwdu inliauqa  Tunsainldatauuy Tassadedu ldianuauqaiu

]

ANVAN (depth) voalasaadiadu 'l ldvzminy B

Ml 13 @regalaseaieduldnluauaa (unbalanced tree)



27

=%

0w v s o Yy v Yy oy '
m‘wﬁ‘umﬁﬂuﬁuaﬂm’e‘]i@%%LﬁM:ﬁNMﬂTﬂNﬁﬁN@H"bJumfnllﬂTﬂfJﬂﬁmzmu

(transverse) 19111/ 1u Tassadedu ldTasmsnfSouiou SINR(e,) t1ag SINR(c,) tilo ¢, 1ag ¢,

A d @ 9 A " v o w v 3’, =2 9 @
ﬂﬁ]!jﬂl@]@i@]’)uﬂqu@\iIWH@%’]?JLLQ%IWU@GU'J'WI@Elﬂﬂllﬂ@'lllﬂ']ﬂll Waqfl]'lﬂuufl]\iﬂ'lﬂ]lﬂﬂ\‘]

U

=

Aq ¥ ' o ' ci’ A ax o 1 =
Truanld SINR - w1nndwazyinguil ldisesnaudelvualy  I5msasnanamisaon

£4
=

ostnuiluglalda ldas

Tree-Structured Encoding Algorithm

1: Start at the root node with interfering signature S.

2: while The vector set for the node has more than one vector do.

3: if SINR(c,) = SINR(c,) then
4: Move to the left child node.
5: else

6: Move to the right child node.
7: end if

8: end while

9: return The vector in the set.
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Tree-Structured Encoding for Multiuser Algorithm
1: S=[ ]

2:for i=1:K, do

3: Start at root node of a TS-RVQ codebook with S.
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4: while Not a leaf node. do

5 V. =[S c]

6: V., =[S ¢,]

7: if SINR(V, ) > SINR(V;) then
8: Move to the left child node.

9: T=V,

10: else

11: Move to the right child node.
12: T=V,

13: end if

14: end while
15: S=T
16: end for

17: return S
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M-ary Real-PAM Encoding Algorithm (Ryan et al. 2007)

1: begin

2: S=sgny // Store sign for each y_,where y is input vector.

W

:Yy=S®Y //Make each y, positive.
4: B™ =M +T -2

5: m=argmax,{y,}

(@)}

A™ =(M +2T —2)/|ym| // Search region: 0 < A < 4™

~

:V, =[ ] // Calculate and store P(x) boundary points.

8: forn=1:Ndo

9: forall be {2,4,...M -2} do
10: v=Db/y,

11: if v< 4™

12: V, ={V,(v,n)}

13: else break

14:  end for all

15: end for

16: V =sort (V) //Sort V, in ascending order of V.
17: V ={V,(4™,0)}



31

18: X =[11...1]" // Initialize data estimate.

19: o = f(*y // Initialize likelihood terms.

20: B =

o112
X

21: L=a’/ B
22: A=V (1,1)/2

23:for k=1: |V0|—1 do

24: n=V(k,2)

25:  a=a+2y, //Update likelihood terms.

260 f=p0+4X +4

27: X, =X, +2 //Update x

28: if &’/ B>L //Ifbetter x found

29: L=a’/p // Update likelihood

30: A=N(k,1)+V(k+1,1))/2 // Store point in P(x)
31: end if

32: end for

33: return X =s® NN (1y)

Wandu NN () luussiad 33 Aemstladuavliiiluinnuauidudydnyaives PAM
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PAM Encoding for Singleuser Algorithm

1: Start with S matrix of interfering signatures

2: R =S'S \\interference covariance matrix

t . . .. .
3: %" = eigenvector with minimum eigenvalue of R .

4:y =s™

5: M-ary Real-PAM Encoding Algorithm

6: 5, =X
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Sy
7.8, =5

[s.]

8: return S, the optimal signature for adapting user

. . g’l A A =) Y P Y A
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PAM Encoding for Multiuser Algorithm
1: S=[ ]

2:for i=1:K, do

3: Start with P matrix of interfering signatures.

4: R =P'P \\interference covariance matrix

5: s® = eigenvector with minimum eigenvalue of R .
6: y=s*

7:  M-ary Real-PAM Encoding Algorithm

8 5 =xX*

S
9 S, =—+

sl
10: P=[P S]]
11: S=[S 5]
12: end for

13: return the optimal set of signature S.



33

o [ Yy & A A < a o a 9 9 o " v W
ﬂ’TViiUIﬂﬂuﬂ%uﬂW!ﬂlfJﬂJﬁU’mﬂ (Ryan, et al. 2007)E]‘ﬁ‘]J1813311%ﬂ13ﬂ1u3mm1ﬂﬂﬂﬂ

o o . ) [ E) = A Y o
TIUIUVDIINADT 1U nearest neighbor set ﬁ1ﬁiﬂEﬁ%i1EJL@ﬂ%iuﬂiﬂl%ﬂﬂ“ﬁﬂﬁmﬂﬂﬁ”ﬁ]gu?

U

A A

o o . 1 1 Y < o
‘ﬂ"ll!’)l!&’)ﬂl@]@ﬁﬁlu nearest neighbor set ﬁqﬁiugzﬂaziauu1iauﬂuzw AnuduIuveINs
o A 9 9/3’./ & ad v o o 9 Y 1 1 Y Y
ﬂ"ll.!’JﬂWWI@QGIﬁBTNWNﬂ FIINITNITUUIIUIUNITATUIUUVINAUISWUINNITUUIUUITHE

< ~ 3 Y o ) A A z% 1 Aa Y o a Y 1
AUFULVVNDONABINITUIUMTAMUIN NNV U UTITUNUUATounay B

LY £ < Y Y A
4. ﬂﬁ!!‘iJQ“M‘lJi‘Piﬁﬁ]ﬂ!WH!!‘]JUﬂuUlN!ﬂﬂ

Y [

v v o < Yy Y vy a ys Y o 2
msadnIdatanlansuziulassadeduldinfuuseg 191datauuunnaes gu

v
a

{ ) @ = ) [ v =)
Tugums® 12 dmiudlesiedeaas 14 dwsudlsuvungy msadelsayaduldndiE

U

~ 1 AaA 4 @ [ g‘.: A 1A Y A @ [
1nMsiseeam lulan 1 "Uf]\‘ll')ﬂm@inﬂ@]')slul‘:]fﬁﬁ'ﬁ\iﬂWﬂuuLﬁﬂﬂﬂTVﬂﬂﬁ!ﬂﬂQﬂUﬂWﬂﬁ%‘l

é = !

. ~ I A [V 3’, Y . ] 4 <
(median) M1NAGAITUYIANINANIGENI pivot HaI91INUUTEAT pivot wINMBDITDBNIYUETDI
A ' a3 ! Ly 1 4 o ' '
TnuaTagldanunnii pivot Hu Tnuanilataz 1danesnin pivot i uda Tnuanila 1ile
9 4 Yy ] 4 1 1 3’, =1 3‘; 9 an o o ac‘
1dnnmesaes Tnuaudinuiannaes lunquessiudnaislasldarluiiaoaly v

dy A 1 1 =1 = v A = 1 gﬂ 1
aszuIumsi liliSesauniunas Inualinnnesiiesdnded lasis on Tnuamaniuin Inua

4
Ty msafuldatjasinanannsafioueivioiluylaldaldai

Kd-Tree Construction Algorithm (Bently, 1980)

1: Start with set of k-dimensional vectors.

2: Store all entries at the root of a binary tree.

3: Set n =1 where n is the index of element in an N-dimensional vector.
4: kd-tree = build_tree(root node, n)

5: return kd-tree

Function : kd-tree = build_tree(node, 1)

1: if Node contains only one vector. Then
2: return

3: else

4: ifn> N then

5: n=1

6: endif
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7:  Sort point list by the nth dimension.
8:  Select the median as pivot element.
9:  Use pivot to divide vectors in two groups.
10: n=n+1
11: build tree(left child node, n)
12: build_tree(right child node, n)
13: end if
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Kd-Tree Encoding for Singleuser Algorithm

1: Start at the root node of a Kd-tree codebook with interfering signature matrix

S.

: Set n =1 where n is the index of element in an N-dimensional vector.

[\

3: while not a leaf node. do

4: if n> N then

5: n=1

6: end if

7: ™= 0 .. Pioet o 0 0]" where p, is the vector of the
left child node.

8: W= 0 .. Prost - O 0]" where Py, is the vector of the
right child node.

o if ™SSP < plSSTp then

10: Move to the left child node.

11: else

12: Move to right child node.
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13: end if

14: n=n+1

15: end while

16: s = vector from leaf node

17: 1 =s'SS's

18:n=1

19: s = check_interference(root node, n, S, I, s)

20: return s
Tagafdy check interference Tusuneu 19 flumsasinaeumsunsnaeanaialdnn
TviualuTasmsfSeuwneunumsunsndeavn pivot ﬁlw]TﬂEJa”laJ”lsaL“ﬁEJuchﬂTﬁ’ﬂa%uw‘lﬁ’

[

&
JU

Function : check_interference(node, #n, S, I, s)

1: if leaf node then

2: s = vector of a leaf node

3: | _=s!SS's,

4: if | <|_ then

5 I =1,

6: S=§,

7:  returns

8: endif

9: end if

10: p(cn) =[0 0 .. P, - O O] where p, is the vector of the current
node.

11: 1, =p'ss'p

12:if 1, <1 then

13:  if n> N then

14: n=1

15: end if
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16: if pISSTP™ < pMiSS P then

17: n=n+1

18: check interference(left-child node, n, S, 1, s)
19:  else

20: n=n+1

21: check_interference(right-child node, n, S, I, s)
22:  endif

23: else

24:  n=n+1

25:  check interference(left-child node, n, S, I, s)
26:  check interference(right-child node, n, S, I, s)

27: end if
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Kd-Tree Encoding for Multiuser Algorithm
1: S=[ ]

2:for i=1:K, do

3: Start at the root node of a Kd-tree codebook with interfering signature
matrix P .

4. Kd-Tree Encoding for Singleuser Algorithm

5: P=[P 5]
6: S=[S 9]
7: end for

8: return the optimal set of signature S.
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N =10; SNR =10dB
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Multiuser Signature Quantization With
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Abstraci—We consider a signature quantization scheme for
a group of users in a reverse-link direct sequence (DS)-code
division multiple access (CDMA). Assuming perfect channel
knowledge, a receiver selects the set of signatures that maximizes
an average signal-to-interference plus noise ratio (SINR) from
a rand vector g ization (RVQ) codebook, which consists
ol independent isotropically distributed unit-norm vectors, The
quantized signatures are relayed from the receiver to nsers via
noiseless rate-limited feedback channels. Previously, we have
proposed to organize entries of RVQ codebook into a tree
structure {TS) to speed up a search for the optimal entry. Here
we extend the TS scheme for a multiuser signature guantization.
Numerical results show that for a given performance, a TS-RVQ
codebook can be an order of magnitude less complex than an
RVQ codebook.

I. INTRODUCTION

We can improve a user performance in a direct sequence
(DS)-code division multiple access (CDMA) by optimizing the
user’s signature sequence [1]. A receiver, which can estimate
an interference covariance matrix, can compute the optimal
signature for the user. The optimal signature that minimizes
an interference power is the eigenvector of the interference-
plus-noise covariance matrix corresponding to the smallest
eigenvalue. The user then obtains the optimal signature from
the receiver via a feedback channel. However, a feedback
channel in practice has a very limited rate and thus, the
signature computed by the receiver needs to be quantized.
Some of our previous work [2]-[4] and references therein
have considered signature quantization in CDMA. Solutions
to this signature quantization problem can also be applied in a
multiantenna system where a spatial signature, which consists
of transmit antenna weights, is quantized [4]-[8].

In[2], [9], we have proposed a Random Vector Quantization
(RVQ) codeboak, which consists of independent isotropically
distributed unit-norm vectors and we have showed that RVQ
is optimal over all codebooks in a large system limit in which
processing gain, number of interfering users, and number
of available feedback bits tend to infinity with fixed ratios.
The large system limit has been shown to predict the per-
formance of a finite-size system very well [9]. Furthermore,
RVQ performs close to the optimal codebook for a finite-size
system [5], [8]. However, RVQ and most of the codebooks

K. Mamat was supported by the 2008 Telecommunications Research and
Industrial Development Institute (TRIDD scholarship while W, Santipach was
pported by the C ission on Higher Education and Thailand Research
Fund under gramt MRGS080174.

proposed in literature require an exhaustive search to locate
the optimal signature. With B feedback bits available, the
codebook contains 27 entries. Thus, the search complexity
increases exponentially with a number of feedback bits and
becomes an issue for a large B. Other simpler gquantization
schemes [7], [10] have been proposed. In [7], RVQ entries
were organized into a tree and thus, the search complexity
increases linearly with B. A codebook with entries consisting
of only QAM symbols was considered in [10] and it was
shown that a number of searches required also grows linearly
with B. In [2], [9], a number of coefficients to quantize
is reduced by projecting the signature vector onto a lower
dimensional subspace and the coefficients are then scalar
quantized. The complexity of this scheme is much less than the
vector quantization, but the performance also suffers greatly.

Here we extend the TS-RVQ scheme proposed in [7] to
multiple users. Even though there have been much work on
signature quantization for a single user, signature quantization
for group of users has not been paid much attention. This
problem should interest a service operator, who would like
to differentiate quality of service for a certain group of users.
For practical reason, we consider a frequency-selective channel
with path loss. Compared with an RVQ, TS-RVQ may give
a worse performance for a given number of feedback bits.
However, we show that search complexity of TS-RVQ can be
an order of magnitude less than that of RVQ.

II. SYSTEM MODEL

‘We consider a discrete-time reverse-link synchronous DS-
CDMA with processing gain V. We assume that K, users
adapt their signature sequences while the rest of users, /3, do
not adapt signature sequences and hence, the fofal number of
users K = K, + K. The N x 1 received vector is given by

G Ky
r= E \f:‘i-;II;,skb;, + Z 3/ Agff{p:‘bi +n (1
k=1 =1

where /Ay, is an amplitude of user k, Hy. is an N x N channel
matrix for user k, s is an N x 1 signature vector for adapting
user k, p; is an N x 1 signature vector for interfering user 4,
by is a transmitted symbol for user &, n is an additive white
Gaussian noise with zero mean and covariance 21, and T is
an identity matrix.

For an ideal non-fading channel, Hy = I for all k. For a
frequency-selective fading channel, assuming that each user

9TR-1-4244-3388-9/09/525.00 ©2009 IEEE 870
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traverses L fading paths, we have

[ hey O ... O 0 e, ]
P ke : 0 :
her .0 : 0
Hy = ] flk,[_ hk,l 0 0 2
: 0 5 G 0
0 hyr 0
0 00 .o 0 Chgp s hga |

where fading gains for user k, fg 1, ..., he r are independent
complex Gaussian random variables with zero mean and
variance E|hg 1% ..., Elhs r|?, respectively. For a flat fading
channel (L = 1), Hi = hi . Besides fading, a signal
transmitted through medium also undergoes attenuation. It is
well known that signal attenuation or path loss can be modeled
as a function of distance [11], [12]. Thus, a signal power for
user k is given by

d .
Aan(@) = Aan(de) + 100 log (1) +X
L]
where A ap{d) is Ay in dB at distance d from a signal source,
d, is a reference distance, o is a path loss exponent, and X is
a zero mean log-normal random variable whose unit is in dB.
We assume that the receiver uses a single-user matched filter
given by
H.sy

o o 4)
%= Hyeql «

to detect user k's transmitted symbol. An average output
signal-to-interference plus noise ratio (SINR) over all K,
adapting users is given by

S, Aw(sLH] Hyar)?

SINR(S) = (5)
I+o2 2ﬁ1(’}¢H}cH"s“)
where an interference power
Ki Ka K. Ky
I=3" N adslH[His)? + 30N AslHHp)?
k=1i=11#k k=1i=1 &

and an N x K, matrix containing signatures for K, users
S=[s 8 - 8k, @

We note that SINR depends on a signature set {sp} or §
and thus, we would like to maximize this average SINR over
a signature set {sg}. If the feedback channel between the
receiver to users has unlimited rate, the optimized signature
set can be fed back to users unquantized. The optimization
problem with unlimited feedback has been solved in [1]. With
limited number of feedback bits, the signature needs to be
quantized. In what follows, we describe the proposed signature
quantization scheme and show associated performance.

ITI. TREE-STRUCTURED RV(Q

An RVQ codebook was first proposed by [2] to quantize
a single signature and the codebook contains independent
isotropically distributed vectors. This codebook design was
motivated by the fact that the optimal signature is the eigenvec-
tor of an interference covariance matrix, which is isotropically
distributed. Reference [9] generalizes the codebook design
in [2] to guantize multiple signatures. For multiple users,
an RVQ codebook consists of matrices whose columns are
signature vectors for optimizing users and are independent
isotropically distributed, and is denoted by

V=W, . %} )

The receiver selects the signature matrix from the codebook
that maximizes the average SINR in (5)

S= arg max SINR(V;) (&)

for given channel and set of interfering signatures. We describe
the exact steps in Algorithm 1. For RVQ, we must compute

Algorithm 1 Search algorithm for the optimal set of signatures
in RVQ

1: SINR(S) =0
2:for j=1:ndo
3. Compute SINR(V;).
4:  if SINR(V;) = SINR(S) then
5: 5 =V,
6
1

i
SINR(S) = SINR(V;)
end if
8: end for
9: return the optimal set of signatures S.

SINR for every signature matrices in the codebook to locate
the optimal signature set. Thus, the search complexity grows
linearly with number of entries in the codebook, which is a
function of available feedback bits. To reduce the complexity,
a tree-structured (TS) RVQ scheme was proposed by [7]. The
codebook entries are organized into a tree and thus, the search
complexity grows logarithmically with number of entries.

Here we modify the previously proposed TS codebook for
a multiuser signature quantization. We start with an RVQ
codebook with independent isotropically distributed veciors,
which is denoted by

b {'01, vz, o sl’l’h‘fg}' (10

We note that for a subsequent performance comparison, we
set a number of vector entries in Vp equal to a total number
of column vectors in RVQ codebook V. To build a tree, we
apply a generalized Lloyd Algorithm (GLA) [7], [13]. First,
we find two vector centroids ¢y and e, that minimize a sum of
Enclidean distances between all vector entries to the centroids,

d= 3 Jea-vil+ > Jea—wl QD
v EVr v €V

where the two quantization regions or clusters are given by

Vra={v; €Vr:ei—vj[ < lea-ws} (12)
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and
Vra = Vr\Vry. (13)

We iterate between computing the sum distance o and finding
the clusters until d converges. In the end, we obtain two child
nodes, which associate with Vi, and Vy 5, respectively. Then,
we move to the child node associated with Vy 1 or Vr o and
repeat the process until we obtain all leaf nodes, which contain
only one vector entry. With this algorithm, we eventually
create a binary tree, which may not be balanced. Building
a tree requires an extensive computing power especially for a
large codebook. Fortunately, it can be done offline and thus,
computation complexity should not be a problem.

With TS codebook, we can search for the optimal set of
signatures by using Algorithm 2. For signature of user 1, we
start at the root node and transverse the tree by comparing
SINR(ey) and SINR(cg) where ¢; and eg are centroids of the
vector sets of the left and right child nodes, respectively. We
then move to the node with the signature that gives larger
SINR and repeat these steps until we reach the leaf node. For
subsequent users, we start at the root node and follow the
same steps, but we also account for signatures we obtain from
earlier iterations (see steps 5 and 6). The complexity here relies

Algorithm 2 Search Algorithm for TS-RVQ
1. 8 =[ ]
2fori=1:K, do

3 Start at the root node of a TS-RVQ codebook with S.
4:  while Not a leaf node. do

5 Y= [S Cl]‘

6 Vi = [S cg]

T if SINR(Vg) = SINR(VE) then
g Move to the left child node.
@ T=V:.

10: else

11; Move to the right child node.
12: T = Vg,

13 end if

14:  end while

15 §=T.

16: end for

17: return S

largely on SINR computation in step 7. For each iteration in
step 2, S remains the same. Hence, part of SINR computation
in step 7 that is associated with § may only be determined
once. Only SINR computations related to column vector ¢;
or ¢z for Vi and Vi, respectively, need to be obtained at
every node the algorithm visits. Thus, computing SINR(Vy)
or SINR(Vg) take only 1/K, of the complexity for computing
SINR(V;) in (5) for an RVQ codebook. We remark that the
total complexity of the TS-RVQ will depend on a number of
nodes or the tree’s depth.

Next we show the performance of the proposed quantization
scheme and compare with that of the original RVQ codebook.

IV. NUMERICAL RESULTS

Here we show some simulation results to illustrate the
performance of RVQ and TS-RVQ for both ideal and fading

reverse-link channels. Fig. 1 shows the SINR for an ideal
channel with normalized feedback bit, which equals a total
number of feedback bits per processing gain (8/N) for both
RVQ and TS-RVQ. We set N = 10, K, = 2, K, = 2, and
background signal-to-noise ratio (SNR) = 1/¢2 = 10 dB.
Thus, for B/N =1, B = 10 and a number of column vectors
in both codebooks equals 2 x 2'%, For larger parameters, a
number of codebook entries will be enormous and hence, we
will need a very powerful computer to perform simulations.
However, the results shown with a relatively small system are
still useful for predicting the performance of a larger system.

As expected, both feedback schemes give better perfor-
manee as amount of feedback increases. For smaller feedback,
TS-RVQ performs a bit better while for larger feedback, RVQ
is expected to perform better with its exhaustive search. With
1 feedback bit per processing gain, the performance of RVQ
is 1.5 dB better than that of TS-RVQ.

IDEAL; N = 10;Ka = 2;Kb = 2;5NR = 10dB

— —

P

Fig. 1, Shown is an average SINR versus a nommalized feedback bit for an
ideal non-fading channel, Performance of RVQ and TS-RVQ are companed
with N =10, K, = 2, K = 2, and SNR = 10 dB.

In Fig. 2, we show a number of SINR computations required
to locate the optimal signature set against SINR for both RVQ
and TS-RVQ. The parameters and settings are the same as
those in previous figure. For small SINR, a search complexity
of both schemes are comparable. As SINR increases (or as a
number of feedback bits increases), the search complexity for
RVQ increases exponentially while that for TS-RVQ increases
linearly. We see that for SINR = 7.5 dB, TS-RVQ needs 20
computations while RVQ needs more than 80 computations.
We note that the gap between complexity of both schemes will
only widen as SINR increases. Thus, for a given performance,
TS-RVQ offers a simpler quantization scheme than RVQ does.

Figs. 3 and 4 show SINR performance of RVQ and TS-
RVQ and complexity of both schemes for a frequency-selective
fading channel with path loss. We set a number of fading paths
L = 2 for all users, path loss exponent o = 3, N = 10,
K, = 2, and Ky = 4. From the figures, we observe similar
performance trends to those for a non-fading channel. With
half a feedback bit per processing gain, the performance of the
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IDEAL; N = 10;Ka = 2;Kb = 2;5NR = 1048

Mumber of Computations

5 6
SINR{dE)

Fig. 2. Shown iz a number of SINR versus a lized
feedback bit for an ideal non-fading channel with N = 10, K.: =2.H=
and SNR = 10 dB.

two schemes are approximately the same. However, RVQ is
an order of magnitude more complex than TS-RVQ for SINR
at 5 dB.

FW; N = 10; Ka = 2; Kb = 4; SNR = 1048

Fig. 3. An average SINR for both RVQ and TS-RVQ with normalized
feedback bit is shown for a frequency-selective fading channel with path loss.
The system pamameters are N = 10, Ko =2, Ky =4, L =2, o = 3 and
SNR = 10 dB.

V. CONCLUSIONS

We have proposed a tree structured RV Q) scheme to quantize
signatures for multiple users in DS-CDMA. TS-RVQ gives a
lower average SINR for a given amount of feedback than RVQ
does. However, complexity of RVQ increases exponentially
with number of feedback bits while that of TS-RVQ increases
linearly. For a given SINR, complexity of TS-RVQ can be
an order of magnitude less than that of RVQ. Although the
search for TS-RV(Q is less complex, constructing a TS-RVQ
codebook is much more computationally intensive than RVQ
is . Fortunately, the codebook construction can be done offline.
Here we only consider a reverse link where the receiver

MNumber of Computations

F
SINR(dB)

Fig. 4. A number of SINR computation needed for RV and TS-RVQ is
shown with SINR for a frequency-selective fading channel with path loss.
The system parameters are N =10, Ko =3 Ky =4, L=3 o =3 and
SNR = 10 dB.

performs a centralized signature quantization for users. A
quantization algorithm for a forward link, on the other hand,
need to be distributed and will be our future work,
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Abstraci—We propose a quantization scheme based on a Kd (K
dimensional)-tree algorithm for signature sequence in a reverse-
link direct sequence (DS)- code division multiple access (CDMA).
With a few feedback bits, a receiver quantizes the optimal
signature thal minimizes interference for a desired user, and
relays it to the user via an error-free feedback channel. A
user performance d s on the q ion codebook and
a number of feedback bits. We show the performance of the
proposed Kd-tree codebook with a nearest neighbor criterion
and derive the performance approximation. Also we modify the
Kd-tree scheme to search for the entry in the codebook, which
gives the least interference. Numerical examples show that the
Kd-tree codebook performs near the optimal codebook with a
only fraction of computational complexity.

I. INTRODUCTION

To increase a user performance in a direct sequence (DS)-
code division multiple access (CDMA), a signature sequence
for a desired user needs to be optimized for current channel
and interference conditions. A receiver, which can estimate
channel state information (CSI), can compute the user’s opti-
mal signature and sends it to the user via a feedback channel. If
the channel is changing slowly, the signature update needs not
be frequent and can greatly improve the user performance [1].
A feedback channel is rate-limited and therefore, the user
signature optimized at the receiver must be quantized before
feedback back to the transmitter, which updates its signature
sequence, accordingly. The resulting performance will depend
on a quantization scheme used to quantize signature and a
feedback rate.

References [1]-[5] have proposed codebook designs, which
depend on channel and interference statistics. (In a multi-
antenna channel, a signature refers to a set of spatial transmit
coefficients.) Assuming that interfering signatures are inde-
pendent and Gaussian distributed, we proposed a random
vector quantization (RVQ) codebook [1], [6] whose entries are
independent and isotropically distributed. RVQ is motivated
by the fact that the optimal imquanrized signature is the
eigenvector of a interference covariance matrix, corresponding
to the minimum eigenvalue. The distribution of the eigenvector
is isotropic. In other words, the optimal signature is likely to
point in any direction of the signal space. RV(Q was shown
to be optimal (i.e. minimizing interference) in a large system
limit in which processing gain, number of interfering users,

This work was supported by the 2008 Telecommunications Research and
Industrial Development Institute {TRIDI) scholarship and the C: ission on
Higher Education and Thailand Research Fund under grant MRGS5080174.

and feedback bits all tend to infinity with fixed ratios. Even
though optimality is achieved only in a large system regime,
RVQ performs elose to the optimized codebook for a finite-
size system as well [7].

To locate the optimal entry in an RV codebook, exhaustive
search is required. Since a number of entries in an RVQ
codebook grows exponentially with number of feedback bits,
search complexity also grows exponentially as well. Ref-
erence [8] proposed a low-complexity quantization scheme
based on a non-coherent detection technique. Elements for
code entries in [8] are constrained to be PAM symbols for
real vector enfries or QAM symbols for complex ones. A
search complexity of this PAM codebook is much less than
RVQ and it performs very well for a large feedback. However,
performance is lacking for small number of feedback bits.
This dues to a nearest neighbor criterion, which PAM scheme
employs to locate the selected entry. We note that the entry that
is nearest to the optimal ungquantized vector does not necessary
minimize interference power.

In [9], we proposed to organize entries from RVQ codebook
into a binary search tree. The entries are clustered in each step
by the generalized Lloyd algorithm [10]-[12]. The associated
search complexity for this tree-structured RVQ increases lin-
early with feedback bits. However, the performance of this
tree-structured codebook is significantly inferior to the original
RVQ codebook with exhaustive search. In this paper, we
improve the tree-structured RV(Q by applying a K -dimensional
{Kd)-tree algorithm proposed by [13], [14]. Kd-tree represents
a set of points in a K-dimensional space and supports a
nearest neighbor query. First, we apply Kd-tree to locate the
code entry in RVQ) codebook, which is the nearest neighbor
(closest in Euclidean distance) to the optimal unquantized
vector. The associated performance is approximately equal
to that of PAM codebook. We also derive the performance
upper bound and show that it is a good approximation for
the performance of Kd-tree. Then, we modify the objective
of the search algorithm for Kd-tree from Euclidean distance
to the optimal signature vector to an interference power. The
Kd-tree search with modified objective performs very close
to RVQ with exhaustive search and requires fewer orders of
magnitude in computational complexity.

IT. SYSTEM MODEL

We consider a discrete-time reverse-link DS-CDMA with
K users and processing gain V. Assuming an ideal nonfading

69



channel, the N x 1 received vector is given by

K
r Zs;‘bk b (1)
k=1

where sy is the N x 1 signature vector for user k whose
element is independent and Gaussian distributed with zero
mean and variance 1/N, by is the transmitted symbol for user
J: with zero mean and unit variance, and n is the N x 1 additive
white Gaussian noise vector with zero mean and covariance
o2 1 where T is an identity matrix.
We assume that a receiver for user 1 is a linear matched
filter given by
cp =8 @

and the associated output signal-to-interference plus noise ratio
(SINR) for user 1 is given by [15]

e 3
31313131 + 02 2

M=
where  denotes Hermitian transpose and S is the N x (K —1)
signature matrix whose columns are the interfering signatures
{82,...,8x}. The matched filter was shown to perform
worse than other more complex receivers, e.g. linear MMSE
receiver [15]. However, its performance can be improved
significantly when it is combined with a feedback scheme with
only few feedback bits [1].

As we can see from (3}, the user performance is a function
of signature 8. By adapting s, to minimize the interference
power given by s{Sl 5] &, we can improve the performance.
Given the interfering signature matrix 5, the optimal s is
the eigenvector of the interference covariance matrix §,8]
corresponding to the smallest eigenvalue. In a typical wireless
setting, the receiver can estimate the interference covariance
during training and thus, can compute the optimal s;. With
B bits, the receiver can quantize 81 and relay the quantized
signature to user 1 via an error-free feedback channel. Then,
user 1 adjusts its signature accordingly. Here we implicitly
assume that channel is changing slowly and hence, a feedback
from the receiver is useful.

A singular value decomposition gives

N
58] = N Al @)
fm]

where A; < Az < .+« < Ay are the ordered eigenvalues and
u; is the corresponding éth eigenvector. With B feedback bits,
the guantization codebook

svga } )

where v; is the N x 1 codebook entry with [|v;]| = 1 and
number of entries is 28, The optimal wnquantized signature
that minimizes the interference for user 1 is 1;. We can quan-
tize uy with a nearest neighbor objective and the quantized
signature is given by

V={v,v,...

& = arg min |luy — v;||? = arg max ulv; 6)
1 gu,‘-\v" 1 — vl & I 41V, (

which follows from the fact both |v;|| = ||uy| = 1. This
is a classical vector quantization problem to which there are
many solutions [10] (see references therein). If the objective is
changed to minimizing the angle between w; and »; denoted
by ¢;, then the quantized vector is given by

= 2 tir 32
8; = arg max cos j = argmax(u,v; )",
1 I’u,ev bj gu,ev( 1) (7}

With statistics of the eigenvector, we can apply the Lloyd-
Max iterative algorithm [11], [12] to obtain the optimal V,
which minimizes the expected Euelidean distance between u,
and # or the angle between wy and 8. However, either &,
or & may not necessarily minimizes the interference power.

To minimize the interference power, the receiver selects

; in ol gt
8y = arg min v, S, 8]y, 8
1 gv,ev 71215 ®

for given Sy. If the interfering signatures are ii.d., we have
shown that RVQ codebook, which contains independent and
isotropically distributed vectors is optimal in a large system
limit [1], [6]. The large system limit refers to the limit in which
N, K, and B goes to infinity with a fixed normalized load
K = K/N and normalized feedback bits B = B/N. RVQ
codebook is simple to construet. However, RVQ) codebook and
many codebooks proposed in the literature require exhaustive
search to locate the optimal entry. This can pose a serious
problem on complexity if B is large. Next we describe our
proposed quantization codebook, which demands much less
computational complexity, but sacrifices minimal performance.

I1I. Kp-TREE CODEBOOK

We organize code entries in an RVQ codebook using Kd-
tree algorithm proposed by [13], [14]. The algorithm produces
an unbalanced binary search tree by clustering the code entries
by one dimension at a time in each step. Steps to create Kd-
tree is shown in Algorithms 1 and 2. We start at the root
node with all 2% entries from RVQ codebook V = {v;}. We
find a median for the first elements for all vectors and select
the element that is the closest to the median. We call that
element the pivor. Then vectors are divided into two groups
whether the first element is greater or less than the pivot.
We store the vector whose first element is the pivot at the
root node and create the left- and right-child nodes with two
groups of vectors. We move to the left-child node and find the
pivot for the second dimension elements of the vectors in that
node. We divide the group of vectors according to the new
pivot. Each time we move down the tree, we operate on the
next dimension. We iterate until all nodes contain one code
entry and obtain a binary search tree with 2% nodes at the
end. Building the tree is relatively fast since we examine one
dimension at a time. Also it can be done offline and thus does
not add burden on the transmitter-receiver pair.

A. Finding Nearest Neighbor

Given w4, Kd-tree search shown in Algorithms 3 and 4 [13],
[14] will locate the entry that is the nearest neighbor to wy.
Algorithm 3 starts at the root and move down to the left- or
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Algorithm 1 Kd-TREE construction [13], [14]

- Start with RVQ codebook with 28 N -dimensional vectors.

2: Store all entries at the root of a binary tree.

: Set n = 1 where n is the index of element in an N-
dimensional vector.

4: kd-tree = build_tree(root node, n)

: return kd-tree

w

wh

Algorithm 2 function: kd-tree = build_tree(node, ») [13], [14]
1 if Node contains only one vector. then

2. return

3. else

4:  if n> N then
5 n=1

6 end if

7. Sort codebook entries by the nth dimension.
8 Select the median as pivot element.

9:  Use pivot to divide vectors in two groups.
m n=n+1

11:  build_tree(left-child node, n)

12: build_tree(right-child node, n)

13 end if

right-child nodes by comparing the element in w; in specified
dimension with the pivot of the present node. Once we reach
the leaf node, we have the candidate. Algorithm 4 makes
certain that the candidate is the nearest neighbor by comparing
the distance of the candidate and 1, with that of other nodes
and uy. We remark that the selected entry may not minimize
the interference and is the suboptimal entry.

Algorithm 3 Kd-tree search for the nearest neighbor

- Start at the root of a Kd-tree codebook with .

2: Set n = 1 where n is the index of element in an N-

dimensional vector.

3: while Not a leaf node. do
4 if n > N then

5 n=1

6 end il
T
8
9

p = current node’s vector
il p, > 1y, then
: Move to the left-child node.
10 else

11 Move to the right-child node.
122 end if

13 n=n+1

14: end while

15: 8 = vector from leaf node

16: D = ||8 —uy|

1 n=1

12: 8 = check_distance(root node, n, wq, 1), 8)
19: return =

Performance of the Kd-tree codebook is difficult to evaluate

Algorithm 4 function: 8 = check_distance(node, n, uy, ), 8)
1 if A leaf node then

2 &, = vector of a leal node
3 De=|g -l

4. if D, < D then

5 D=D,

6 8= 8,

7 refurn s

8 end if

9 end if

10: Dy =p3 —ui,

11: if D, < D then

122 if n = N then

13 n=1

14:  end if

15 if py > uy, then

16: n=n+1

17 check_distance(left-child node, n, w1, D, 8)
18 else

19: n=n+1

20 check_distance(right-child node, n, uq, 1), 8)
21: end if

22: else

2% n=n+l

24:  check_distance(left-child node, n, wq, I, %)
25:  check distance(right-child node, n, 1y, D, 8)
26: end if

analytically. Thus, we look to approximate the performance
instead. Clearly, RVQ) with the exhaustive search is guaranteed
to find the optimal entry and therefore, its performance gives
an upper bound to that of Kd-tree. The interference power
with RVQ codebook is given by
Lvq = 8151514 ©
N
= Ma(8lun)? + 3 Ae(8lue)? (10)
im2
where & is the quantized signature for user 1 given by
(8) and the second eguation is obtained by substituting (4).
Finding expectation for Iy, for finite N, K, and B is not
tractable due to very complicated distribution expressions.
However, as (N, K, B) — oo, an eigenvalue distribution of
518! converges to a deterministic function and the smallest
eigenvalue Ay converges to [16]
i <K<
/\J—W\ﬁin={?1__\;i)2 ?{_>R1_l Y]

‘We have shown in [17] that as (N, K, B) — >
(8luy)® = 12728 (12

almost surely. The large system (éi‘tﬂ)? increases with B.
‘With infinite feedback (B = 0o0), we can relay uy unquantized
and (.i{ul)? +» 1. On the other hand, with no feedback, & is
randomly selected and (&}2;)? — 0.

71



Next, we analyze each term in the sum in (10). Since wu,
are orthogonal to all u;, as B increases, & and u; is getting
closer be perpendicular. We can show that

Lenuna 1: For large N with fixed K and B,

2 1, .5 1
FCTAT 2B
(8ju)* = =27 + O(T\ﬁ ; (13)

A core of the proof is to derive the distribution of (5{11.;)2,
which is equivalent to a partial surface of the N-dimensional
unit hypersphere. We substitute (13) into the sum on the right-
hand side of (1(}) and obtain

oyt 1 15( B 1
2‘ et a2 TA272B Lo
- /\1(31“!) N !-:=1.A!2 + O(NJ (14)
As (N,K) — oo, it can be shown that [16]

3
DI (15)
N i=1

Applying Lemma 1 and combining (10}-(15), we have
Theorem I: As (N, K, B) — co with fixed K and B,

Frva = I3, (16)
_ Vg2 i  :0<K<1
_1 (- F)1-2"27)+ K228 K >1

(17)

almost surely.
Hence, the associated SINR for RVQ that quantizes u, is given
by )

=00

= R —. (18)

v Ig, +o2
Thus, performance of Kd-tree is upper bounded by the result
in Theorem 1.

B. Minimizing Interference Power

We modify the objective function in the search algorithm in
Algorithms 3 and 4 to be the interference power for a given
interfering signature matrix S;. The modified search shown in
Algorithms 5 and 6 is in the same spirit as the earlier search
algorithm. At each step, we look for the entry, which gives
the interference power, which is closest to the minimum.

These algorithms however are not guaranteed to find the
entry that minimizes the interference power since the tree we
used is constructed with the nearest neighbor criterion. The
solution will be suboptimal to the exhaustive search. However,
as we will observe from simulation results, this Kd-tree with
modified search performs very close to RVQ with exhaustive
search.

Again, analyzing the performance of this scheme exactly is
net tractable. So, we look to analyze the performance of RVQ.
Reference [18] has shown that

frvq = 8181818 = 122

vy

(19)

and If\?q is a function of A and B, which can be used to

approximate the performance of Kd-tree.

Algorithm 5 Kd-tree search for the minimum interference
1: Start at the root of a Kd-Tree codebook with interfering
signature matrix 5.
- Set n = 1 where n is the index of element in an N-
dimensional vector.
3; while Not a leaf node do
4 if n > N then
5z n=1
% end if
7 pE:") =[0 0 ... pras1 ... 0 0O where py, is the
vector of the left-child node.
8 pg') =[0 0... pans1 ... 0 0]' where pg is the
vector of the right-child node.
o it p™'5,81p < p0' $,81p%) then
10: Move to the left child node.

(=

11: else

12 Move to the right child node.
13 end if

4: n=n+l

15 end while

16: & = vector from leaf node.

17: [ =818, 8ls

18 n=1

19: 8 = check_interference(root node, n, 51, 1, 8)
20: return &

IV. NUMERICAL RESULTS

Fig. 1 shows the SINR for user 1 versus normalized
feedback bits B for loads K = 0.5 and K = 1.2, and
SNR = 10 dB. Simulation results shown are for RVQ and
Kd-tree codebooks with closest in angle and nearest neighbor
criterions, respectively. As expected, SINR increases with B.
User 1 can achieve 7 dB and 4 dB with only one feedback bit
for K = 0.5 and K = 1.2 as compared fo 3 dB and -1 dB for
zero feedback. Also shown is the asymptotic performance for
RVQ with closest in angle criterion with (N, K, B) — oo.
We can see that the large system limit approximates the
performance of a small-size system very well. We expect a
gap between simulation and large system results to narrow as
N increases.

Figs. 2 and 3 show the performance of RVQ with closest
in angle, and Kd-tree and PAM with nearest neighbor. All
three performs approximately the same for a given feedback
except when B < 1, PAM codebook is not valid. We note
that for B between 1 and 2, PAM performs a bit worse
than the other two do. In Fig. 3, we show a number of
inner product computations required for all three codebooks to
locate the selected entries for a given SINR. We see that RVQ
with exhaustive search requires significantly larger number of
computations. For SINR at 7 dB, the complexity of RVQ
is four orders of magnitude larger than that of Kd-tree and
PAM. For low to moderate SINR, PAM codebook is the least
complex while for the other range, it is unclear. Due to finite
storage and computational power, we do not have simulation
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Algorithm 6 function: & = check_interference(node, n, S, {,
5)

. if Leaf node. then

2: 8. = vector from leaf node.

3. I,=s1880s,

4:  if I. < I then

5 IT=1I

B2 & F

T return s

& end if

9: end if

10: péﬂj =[0 0 ... pen ... 0 0O where p. is the vector

of the curfent node.
u: I, = pl™' 5, 81p"

12: if I, < I then

13 ifn = N then

14: n=1

15 end it‘1 i

16: it pf s Slpl” < pl 5.81pl” then

17: n=n+1l

18: check_imerference(left-child node, n, 8y, I, 8)
19:  else

N n=n+1

2 check_interference{right-child node, n, S, 1, 8)
2. end if

23: else

2 n=n+1

25 check_interference(left-child node, n, Sy, I, 8)

26:  check_interference(right-child node, n, Sy, I, 8)
27: end il

results for larger B for both RVQ and Kd-tree. For large
feedback, Kd-tree needs significantly larger storage for code
entries while PAM does not have this issne.

In Fig. 4, we have SINR from three quantization schemes:
RV and Kd-tree with minimizing interference and PAM with
nearest neighbor for K = 0.5 and SNR = 10 dB. We see
that Kd-tree performs almost the same as RVQ does while
PAM with nearest neighbor performs significantly worse for
smaller B. At B = 1, a gap between quantizing to minimize
interference and to find the nearest neighbor is as large as
5 dB. We also show the large system performance for RVQ
derived by [18], which seems to approximate performance of
a finite-size system very closely.

We also examine computational complexity of each quanti-
zation schemes with Fig. 5. The PAM codebook, which finds
the nearest neighbor to the optimal eigenvector is the least
complex. However, from Fig. 4, its performance is the worst
for a given feedback bits. So, what codebook to use depends
on the system need and requirement.

V. CONCLUSIONS
We have presented different quantization codebooks to

q the vser signature in reverse-link CDMA. Our main
focus is Kd-tree codebook, which was motivated by the need

N=10; SNR = 10dB
10 i i v

@
2
[
=
@
—e— RV simulated
= KD-TREE simulated
RVQ large system
. s H : T
&D 08 1 18 2 25 3
BiN
Fig. 1. SINR versus normalized feedback bits are shown for RVQ with

clogest in angle criterion and Kd-tree with nearest neighbor criterion.

N=10; K=5; SNR = 10dB
10 - + -

SINRidB)

+KD-TREE simulated

Fig. 2. SINR versus nonmalized feedback bits are shown for RVOQ with closest
m angle criterion, and Kd-tree and PAM with nearest neighbor criterion.

to lessen search complexity. Kd-tree codebook was shown to
perform close to RV with significantly less search complex-
ity, We also derived the performance vpper bound for Kd-
tree with nearest neighbor, The bound was shown to be a
good approximation for the actual performance. Numerical
examples show tradeoff between performance and complexity
for different codebooks, RVQ with exhavstive performs best
for a given feedback while PAM is the least complex. Kd-
tree is a compromise, What codebook to vse will depend on
system’s needs and requirements,

We can straightforwardly extend our model to include
fading and other channel characteristics, We expect to see
similar performance behaviors for all three codebooks. Here
we assume that the receiver knows signatures of other users
{or CSI) perfectly, The performance will degrade with the
estimation of CSI or interference information,
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N=10; K=§; SNR =10dB
- Fo——K = ¢ —T T - T g |
o KD-TREE simulated
0 —e—RV{ simulated
—¥—PAM simulated

Mumber of inner product computations

3
SINR{dB)

Fig. 3. A number of nner product computations is displaved for RVQ with
closest in angle criterion, and Kd-tree and PAM with nearest neighbor criterion

fior a given SINKE.

N=10; K =5, SNR = 10dB

)
=
[
4
@
4 == -KD-TREE simulated [|
—&—RVQ simulated
34 —¥—PAM simulated I
——RVQ large system
:( 1 2 3 4 L]
BN

Fig. 4. SINR versus normalized feedback bits are shown for RVQ and Kd-
tree with minimizing interference, and PAM with nearest neighbor criterion.
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