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Abstract—Orthogonal variable spreading factor (OVSF) codes code assignment and multi-code assignment. Single-code as-
have been proposed as the channelization codes used in the Widesignment assumes that each UE has only one Rake combiner
band CDMA access technology of IMT-2000. OVSF codes have g the system can only allocate one code to it. For multi-code
the advantages of supporting variable bit rate services, which is . . .
important to emerging multimedia applications. The objective of assignment, a UE has more thar_1 one R?ke combiner so its re-
OVSF code assignment algorithm is to minimize the probability of quest can be honored by allocating multiple codes. Due to the
code request denial due to inappropriate resource allocation. In dynamic nature of code usage, code assignment algorithm may
this paper, we propose an efficient OVSF code assignment schemesyffer from code fragmentation problem, which refers to the cir-
that utilizes multiple Rake combiners in user equipments. Ourap- o, mstance that the system has enough capacity but cannot grant
proach finds in constant time all feasible codewords for any partic- . ; -
ular request, trying to minimize both rate wastage and code frag- 2 request simply because th_e capacity does not belqng to a sin-
ments. The simulation result shows that our scheme outperforms gle code. Code fragmentation may occur to both single-code
previous work in the probability of request denial. The code man- and multi-code assignments, but it is believed that the prob-
agement overhead is also minimal in our scheme. lem is less serious in the multi-code case since data rates can
be aggregated there. Code fragments can be compacted by us-
ing a code replacement algorithm that tries to exchange some
allocated codes with unallocated codes of the equal spreading

UMTS/IMT-2000 aims to provide not only voice servicedactor in order to obtain codes of lower spreading factors (i.e.,
that are offered by the second-generation mobile systems, higher data rates).
also higher data rate and variable bit rate services that suptn the paper, we propose a multi-code assignment algorithm
port differentiated quality-of-service (QoS) for emerging multhat aims to minimize the number of code fragments. The tech-
timedia applications. W-CDMA, selected as the technoloquue of dynamic programming is used to build a codeword
for use in the UMTS terrestrial radio access (UTRA), employable in advance so that when a request for datarrassued
direct spread code division multiple access (DS-CDMA) teclyy a UE equipped withk Rake combiners is received, all pos-
nique, where each user equipment (UE) uses different orthegble combinations of valid codewords can be found in the cor-
onal codes on the same frequency band. To support fixed- aggponding table entries. The one that results in the minimal
mixed data rate services, the 3rd Generation Partnership Projagtber of code fragments is then selected for allocation.
(3GPP) proposed orthogonal variable spreading factor (OVSF)The rest of the paper is organized as follows. The OVSF code
codes as the channelization codes used in W-CDMA. OVSFstem is described in Section 2. Section 3 details our chan-
codes, providing variable data rates by using variable spreadiflization code assignment scheme. Simulation model and its

factors (the number of chips for a data bit), can be generate@ults are shown in Section 4. Section 5 concludes our work.
according to an OVSF code tree. OVSF code tree is a binary

tree where OVSF codes with spreading facfoare placed at
the (L + log f)-th level. Each code in the tree has twice data Il. PROBLEM DEFINITION

rate than its child has. Once a code has been allocated to a UEhe 0vV/SE codes can be defined using the code tree shown in
all its ancestors and descendants in the tree can no longeRe 1 Each level in the code tree defines channelization codes
allocated to other UEs. With the dynamic nature of code rgz the same spreading factor (SF). Codes of the same SF have
quest arrival time and code usage time, it becomes an importagi,a| data rate, which is the double of that of the next level
performance issue how to effectively allocate codes to variopsges. We denote a single channelization codé as, where
data rate requests so as to mi_nimize the code blocking rate (yhei 91 for some integef is the spreading factor of the code and
probability that a request is rejected). __misasequence number ranging from Qfte- 1. We may omit
Existing code assignment algorithms toward this directiqfe sequence number whenever itis irrelevant to our discussion.
[1], [2], [3], [6] can be classified into two categories: single- | orger to keep the orthogonality among codes of different

This work was supported by the National Science Council, Taiwan, unolgve'S' acode C"fm be aSS|gned to a UE if and O_nly if no code on
Contract NSC-91-2213-E-216-002 the path from this code to the root or any code in the subtree of

I. INTRODUCTION



of code fragmentationCode fragmentation problemefers to

the circumstance that the system has enough capacity but can-
not grant a request simply because the capacity does not belong
to a single code. Code fragmentation can be resolved by replac-
ing some allocated codes with ones that are not allocated. For
example, a system witf ' = (0,0, 0,0, 0,0, 2) cannot grant

a request for data rat=R, since there is no code of spreading
factor 128. However, by switching a allocated code of spread-
ing factor 256 with an available equal-rate code, two available

Fig. 1. An OVSF code tree codes of spreading factor 256 can be combined into a single
code of spreading factor 128. How to find and replace code

@ fragments to grant a request is tbede replacementroblem
[7]. Code placement scheme, perhaps together with code re-

@ @ @ placement scheme, aims to reduce code blocking iratethe

probability that a code request cannot be granted.

@ @ @ @ @ @ If we allocate a code with data rate higher than that the UE
actually requests, some amount of date rate is wasted. Rate
wastage is critical to the code blocking rate (it diminishes sys-
tem capacity) and should be kept minimal whenever possible.

Fig. 2. Code fragments after allocatifg Solving code placement problem involves two steps. First,
determine the code rate to be allocated. Second, locate a code

in the code tree that corresponds to the code rate. If UE is

the code s assigned. In other words, once a code has been %' lipped with only one Rake combiner, the first step is straight-
cated to UE, all codes on the path from the root of the tree to th ward: find a code rate’ R that minimizes rate consumption

node and all codes in the subtree of the code can_ no Io_ng_er to locate a code of rat® R in the code tree, there have been
allocated. If we remove all such codes and associated incid Ez

Leral approaches proposed. Amon them, leftmost allocation
edges from the code tree once a code has been allocated,gf bp prop g

. ; %@nd crowded-first [7] allocation will be mentioned in our
result will be a forest of complete binary trees, each represe iScussion

a code fragment that can be directly allocated or decomposecﬁf UE is equipped withi: Rake combinersi(> 1), we can as-
Lor fubrther C°‘?e reguest. For exam%Ie, if Ccﬁgl of:;gure t11 sign UE amulti-code which is a collection of maximat codes
as been assigned to some UE, codes on the path from the (01 aggregated data rate’ 4+ 27 +-- -+ 205\ R (i1, io, . . . , i1,

t0Cyy, e, Olio a”dct;mv I‘?”d a'ijc?&jffs in the §ubtrhee rOOtZ%re integers ir0, 6]). Determining the set of multi-codes that
atCy, can no longer be allocated. After removing these Nod&simize rate consumption is not trivial since many combina-

and associated incident edges, the result will be a forest of WOns of codes need to be considered. As an example, if a UE
complete binary trees, one representing code fragifigp@and equipped with three Rake combiners demands data rat& of

the Othe'@zl’ as shown in Fig. 2.' L .., totally three multi-codes minimize rate consumption (actually
For practical reasons, the entire code tree is initially d|V|de[ Sy waste no rate), as shown below:
L]

into four sub-trees, each represents a code fragment of sprea one code of spreading factor 64 (ra&) plus one code of

ing factor 4. Let spreading factor 128 (rafaR)
SF = (S, Ss, Si6, Ss2, Se4, S128, Sa56) « one code of spreading factor 64 (ratR) plus two codes
of spreading factor 256 (rate each)

represent the numbers of various spreading codes available for three codes of spreading factor 128 (rafeeach)
allocation at any time, wherg; denotes the number of avail- In general, rate wastage will be less serious if UEs have mul-
able code fragments of spreading facjor Initially, SF' = tiple Rake combiners rather than only one, since code fragments
(4,0,0,0,0,0,0). Since one code fragment corresponds to oran be better utilized with multiple Rake combiners. Once the
complete binary tree, the number of complete binary trees set of minimal-wastage multi-codes is determined, we must se-
the forest is SimplyV(SF') = Sy + Ss + S16 + S32 + Sea +  lect one multi-code to be allocated to the UE. A good multi-
S128 + So56- code assignment algorithm should select a multi-code that re-

Let R be the basic data rate that a code of spreading fasults in lower code blocking rate. However, as future requests
tor 256 can offer. Clearly, the data rate offered by a code cdnnot be known in advance, an optimal on-line code assign-
spreading factolf = 2% is 2°~'R, wherei € [2,8] is an in- ment algorithm seems impossible. Existing solutions thus take
teger. When a UE requests a data rngtany code of spread- heuristic approach. The scheme in [2] favors allocating the
ing factor f = 27, wherej is an integer inf2, 8], such that multi-code that results in the most small-SF codes left. If more
28=J R > r can be allocated to grant the request. How to seletian two multi-codes are favored, the one that uses the least
a valid code to grant the request is tbede placemenprob- number of codes is selected. In [6], Shueh et al. proposed a
lem [7]. When no code can be allocated¢@le blockingoc- scheme that first chooses a multi-code that represents the re-
curs. One reason behind code blocking is due to insufficiequiest rate in binary-number form. The multi-code is then ad-
system capacity. The other reason is because of the occurrgoséed in accordance with the number of Rake combiners that
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Fig. 3. Process of evaluatiid (6, 3)

the UE has. This approach may allocate more small-SF codes

than necessary, therefore decreasing code utilization.

IIl. PROPOSEDSCHEME

Let Req(r, k) be a code request for some data ratehich is

submitted by a UE equipped withRake combiners. The basic

1 2 3 4 5 6
1 /(0,0,0,0,0,0,1(0,0,0,0,0,1,0 - (0,0,0,0,1,0,0
2 - (0,0,0,0,0,0,2)(0,0,0,0,0,1,1§(0,0,0,0,0,2,0;
3 - - (0,0,0,0,0,0,3)(0,0,0,0,0,1,2
4

(0,0,00,1,1,0) ...
(0,0,001,0,2 ...
(0,0,0,0,0,3,0
(0,0,000,2,2) ...

(0,0,00,1,0,1
(0.0,0,0,0,2,1

(0,0,0,0,0,0,4)(0,0,0,0,0,1,3;

TABLE |
TABLE FOR W (r, k)

Multi-code SF’ N(SF)
(0,0,0,0,1,1,0) | (0,0,0,0,0,2,1) 3
(0,0,0,0,1,0,2) | (0,0,0,0,0,2,2) 4
(0,0,0,0,0,3,0) | (0,0,0,0,1,0,1) 2

TABLE I

POSSIBLE CODE ALLOCATIONS FORReg(6, 3) WITH
(0,0,0,0,1,3,1). SF’' DENOTES THE VALUE OFSF AFTER CODE
ALLOCATION.

SF =

idea behind our scheme is that the set of all possible multi-codes
that satisfyReq(r, k) can be evaluated off-line and in advance.
In case we have two or more multi-code candidates, we select

the one that results in the least number of code fragments lefive use the technique of dynamic programming [3] to avoid re-

A multi-code is denoted as C =
(N4, Ng, N16, N32, Noa, N12s, Noss), ~ where N;  de-
notes the number of codes with SFshat C uses.
The number of codes used by multi-cod€ is
N(C) = N4+ Ng + Nig + N3z + Nes + Ni2g + Nasg. When
N(C) = 1, the multi-codeC' may be simply denoted a5;,
wherei is the spreading factor of the only code used.

Let C = <N4, Ng, N1g, N33, Nga, N1og, N256> andC’ =
(N4, N§, Nig, Nio, Ngu, Niog, Nose) be two multi-codes. We
defineC + C’ as <N4 + Ni,Ng + Né,Nlﬁ + N{6,N32 +
Né2, Ngy + Né4, Niog + N{287 Nogg + Né56>' LetW(r, k) be
the set of all possible multi-codes that have data raad use
k codes. We defin€ @ W (r, k) as{C + C'|C" € W (r,k)}.
W (r,k) can be evaluated as followsW (r,1) = {Cy} if
r =256/ f andW (r,1) = () otherwise. For a gener@l (r, k),
we can examine every integgrsuch thal < g < |log, r| to

see if any multi-code of¥/ (r, k) may include a code of spread-ble Il shows all possible allocations.

dundant computation. Table | shows the result.

Let M(r,k) = U, < <, W(r,j). Given a requeskeq(r, k),
all possible multi-codes that can be assigned without rate
wastage are in the séf (r, k). If |M (r, k)| = 0, we look up for
the minimalr’ > r such that’ is not greater than the system
capacity and/ (', k) is not empty. If no such’ can be found,
this request is rejected due to insufficient system capacity. Oth-
erwise, we grant the request with rate wastage-(r).

If the set of minimal-wastage multi-codes has only one el-
ement (M(r, k)| = 1 or |[M(r', k)| 1), the only multi-
code is used. If the set has two or more multi-codes, we se-
lect the one that results in the least number of code fragments.
For example, assume th&tF = (0,0,0,0,1,3,1) and a re-
questReq(6, 3) arrives. From Table | we know that (6, 3) =
{{0,0,0,0,1,1,0),(0,0,0,0,1,0,2),(0,0,0,0,0,3,0)}. Ta-
Clearly, multi-code

ing factor2®—9 (i.e. Cys—,). If the code is indeed included, all {0,0,0,0,0,3,0) results in the least number of code fragments
the multi-codes iV (r, k) that include it can be obtained byand thus will be selected for allocation.

Cas—g ® W(r — 29,k — 1). Therefore we have

Llog, 7]
= |J CovaWr-29k-1)
g=0

W(r, k)

In this way, we decompose the problem of solviir, k) into

If two or more multi-codes result in the least number of frag-
ments, the one that uses least codes will be selected. As an
example, consideReq(6,3) andSF = (0,0,0,1,2,1,0). Ta-
ble 11l shows all possible allocation results. As all three multi-
codes result in two code fragments left, the one that uses least
codes, i.e.{0,0,0,0,1,1,0), will be selected.

smaller sub-problems, which can be further decomposed. Fig. nce the multi-code is selected, how to locate all code frag-

shows the process of evaluatifig(6,3). Each path from the

ments of the multi-code in the code tree becomes straightfor-

root to a leaf labeled+’ sign represents a valid multi-code.ward. We may allocate these codes one by one, using any ap-
The multi-code consists of every code that is associated withgroach that is proposed for single-code allocation. If any one of

edge on the path.

In solving a particulad¥ (r, k), there may be some dupli-

catedW (r', k’)’s to be evaluated, wheré < r andk’ < k.

the code fragment cannot be located due to code fragmentation
problem, a code replacement algorithm is invoked to resolve the
problem.
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SF =(0,0,0,1,2,1,0). SF’' DENOTES THE VALUE OFSF AFTER CODE % 0.1
ALLOCATION.
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IV. SIMULATION 06 08 1 12 14
We evaluated the performance of our multi-code assignment
algorithm by simulation. The performances of [2] (referred 4

to as CLOO) and [6] (referred to as SLCOO) are also evall’—li_&. 4. Code blocking rate with leftmost code placemédt £ 64, g = \/u)

ated for comparison. We assume that the depth of the OVS
code tree is 9 and the initial set of multi-codes of the system

is (0,0,4,0,0,0,0,0,0). Code requests are randomly gener- 03
ated by a Poisson process with mean arrival patéhe time >— CL00
interval for which a multi-code is used is assumed to be an ex- 025 H

ponentially distributed random variable with mehfy.. Each ——SLC00
requestReq(r, k) is randomly generated withbeing uniformly 02 | —a—TYO2A
distributed between 1 and/, where)M is 64 or 128. The value

—e—TY02B

of k depends om. Whenl < r < 64, k is a random variable
uniformly distributed between 1 and 4. Whéh < r < 128,

k is uniformly distributed in [2, 4]. Total 50000 requests are
generated for each round. All algorithms use the same trace of

Blocking rate %
o
|_\
(6]
\

each round as their input. 0.05 0///
We measured the code blocking rate caused by each algo- 0 !
rithm. The measured code blocking rate is essentially the sum
of two components: one is due to insufficient system capacity 06 08 1 12 14
and the other is due to code fragmentation. In the following q

figures, our method is labeled with TY02B. TY02A refers to a

variation of our method that considers only multi-codes consistig. 5.  Code blocking rate with crowded-first code placemédt & 64,
ing of exactlyk codes when handlingeq(r, k) (while TYO2B ¢ = /1)

considers all multi-codes that ugeor lesscodes). Once a

multi-code has been chosen, leftmost [4] or crowded-first [7]

code placement algorithm is used to allocate one by one all §§/5-p requires the least number of code replacements.

sociated codes. , . -
Figs. 4 and 5 show the results bf = 64 with leftmostand ~ AS we mentioned before, TY02A is a variation of TY02B

crowded-first code placement algorithms, respectively. Clearipat considers only multi-codes ¥ (r, k) rather than multi-

TY02B results in the lowest blocking rate in both scenario§2des iNM (r, k) = U,<;<, W(r,j) when handling request

The performance of these four methods is about the same witid (7 ). Apparently, TYO2A examines less multi-codes than

M = 128, though TY02B slightly outperforms others. We aIsJYOZB dpes. We are interested in the amount of muln—codg

found that the performances with leftmost and with crowdegxaminations that TYO2A can save. Table V shows the ratio

first code placement algorithms are about the same. of average number of multi-codes examined by TY02A to that
We also conducted experiments to investigate the impactsé¥@mined by TYO2B. We can see that about two third examina-

code replacement algorithm on code blocking rate. Table f2ns can be saved.

shows the result of using DCA scheme [5] as the code replace-

ment algorithm. With the aid of code replacement algorithm,

code fragmentation can be totally eliminated and code blockifig by

now occurs only for the reason of insufficient system capacity. I 8~1620/ . 8~2860/ 5 36%"/ 5 3é263f1/ 5 %'14;30/

Therefore, all four methods result in the same code blocking— = : o> o> o~ o > 0

rate. However, each method requires different number of ¢ *eM =128 | 2.56% | 3.88% | 546% | 7.44% | 8.65%

replacements. The number of code replacements is considered TABLE IV

the overhead of code management. Figs. 6 to 9 show the num- CODE BLOCKING RATE WITH CODE REPLACEMENT

ber of code replacements in different settings. In all settings,
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Fig. 8. Number of code replacements with leftmost code placenignt
128, = A/p)
A
0.6 0.8 1.0 1.2 1.4
M =64 | 36.29% | 36.28% | 36.28% | 36.27% | 36.29%
M =128 | 31.39% | 31.43% | 31.47/% | 31.49% | 31.50%
TABLE V

RATIO OF AVERAGE MULTI-CODE EXAMINATIONS BY TY02A TO THAT BY
TY02B
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Fig. 9.  Number of code replacements with crowded-first code placement
(M =128,q=X\/p)

V. CONCLUSIONS

The objective of OVSF multi-code assignment algorithm is
to minimize code blocking rate. The causes of code blocking
are due to insufficient system capacity and code fragmentation.
To preserve system capacity, rate wastage must be kept mini-
mized. To eliminate code fragmentation, we can invoke a code
replacement procedure. If UEs have multiple Rake combiners,
rate wastage can be reduced while the frequency of invoking
code replacement can be lowered.

In this paper, we have proposed a multi-code assignment
scheme that utilizes multiple Rake combiners in UEs. By using
dynamic programming technique, our approach finds in con-
stant time all feasible multi-codes for any particular request.
It then selects the one that will bring about both minimal rate

Number of code replacements with crowded-first code placemegtastage and least code fragments. The simulation result shows

that our scheme outperforms previous work in the code block-
ing rate. The number of code replacements required is also
minimal in our scheme.
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