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Abstract

Spectrum refarming (SR) refers to a radio resource managet@ehnique which allows different
generations of cellular networks to operate in the sameorsdéectrum. In this paper, an underlay SR
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ploiting the interference margin provided by the CDMA systaNVe investigate the mutual effect of the
two systems by evaluating the asymptotic signal-to-iet@nfice-plus-noise ratio (SINR) of the users,
based on which the interference margin tolerable by the CDdyistem is determined. By using the
interference margin together with the transmit power a@ists, the uplink resource allocation problem
of OFDMA system is formulated and solved through dual deamsitiipn method. Simulation results
have verified our theoretical analysis, and validated tfect¥eness of the proposed resource allocation
algorithm and its capability to protect the legacy CDMA ssefhe proposed SR system requires the
least information flow from the CDMA system to the OFDMA syateand importantly, no upgrading of
legacy CDMA system is needed; thus it can be deployed bydslemperators to maximize the spectral

efficiency of their cellular networks.
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I. INTRODUCTION

To meet the increasing demand on high capacity, high daga aad low latency, in the past
two decades, the cellular networks have evolved from the ggreration (2G) network, such
as Global System for Mobile Communications (GSM), to the aheration (3G) network,
such as wideband code division multiple access (CDMA) andVi@E2000, and to the 4th
generation (4G) network, such as long-term evolution (L Td&)d LTE-advanced. When a new
generation (i.e., 4G) network is introduced, the mobildfitravill gradually migrate from the
older generation (i.e., 2G/3G) networks towards the new[@heFig. 1 illustrates the evolution
of subscription as cellular technology evolves from oneegation to anotherd. As can be
seen, the legacy networks will not cease operations imrteddiafter the new one is deployed,
and in fact they will have to continue to provide serviceshe tegacy users for a significant
period of time before being phased out. During the transiperiod, the spectrum assigned to
the legacy networks will experience low spectral efficiemdyen the number of legacy users is
lower than the designed network capacity.

Spectrum refarming (SR) is an innovative spectrum shaeegrtique which allows different
generations of cellular networks to operate in the samergigectrum. By doing so, the spectral
efficiency of cellular networks can be greatly improved.c8imadio spectrum is a limited and
expensive resource, SR is considered as a promising solititomobile service operators not
only to provide cost effective services to their custombts,also to solve the spectrum scarcity
problem faced by them. Recently, Lin et a#i] [proposed an LTE/GSM SR system for an
Orthogonal Frequency Division Multiple Access (OFDMA) &a to refarm the GSM band
by utilizing the subbands that are not occupied by the GSMegys

Conventionally, spectrum sharing is implemented in two svf}. overlay spectrum sharing,
which allows the secondary users opportunistically actlessunused spectrum of the legacy
(primary) users, and underlay spectrum sharing, whichwallthe secondary and primary users
co-transmit at the same band. Similarly, there are two tygdeSR models: overlay SR model
and underlay SR model. The LTE/GSM SR systethdperating in GSM band belongs to an
overlay SR model.

In this paper, a new SR model is proposed for an OFDMA systemeferm the spectrum

assigned to a Code Division Multiple Access (CDMA) systenotigh intelligently exploiting the
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Fig. 1. Subscriptions evolution as cellular network tedbgg evolves (Source: CDG, ZTE ang]].

interference margin provided by the CDMA system. Due to tldevband nature of the CDMA
and OFDMA systems, the OFDMA/CDMA SR system will operate inuaderlay manner, thus
the system belongs to the underlay SR model.

The operating principle of OFDMA/CDMA SR system is as follwLet us consider a
single-cell direct sequence CDMA uplink, in which the CDMAeus are assigned with random
spreading codes. When the receiver is applied, such as rfiiech(MF) or linear minimum
mean-square-error (MMSE) receiver, there exists an uner-interference, which is related to
the CDMA system load defined as the ratio of total number of GDMers to the spreading gain
[6]. When the processing gain and number of users are both kagsignal-to-interference-plus-
noise-ratio (SINR) of the receiver output will converge tbnaiting SINR, which is independent
of the specific spreading codes, thanks to the random méueiary. Thus, for a given receive
power, the maximum CDMA system load depends on the targeRSINly. In another word,
when the CDMA system is operating at a lower load, the CDMArsiseill experience less
interference. Thus, there exists an interference margih ¢an be tolerated by CDMA users,
with which the same target SINR for CDMA users can still be mained. This interference
margin in fact defines the maximum interference power thathmintroduced by the OFDMA
system to the CDMA system for the OFDMA/CDMA SR system.

To implement a successful OFDMA/CDMA SR system, we idendifd address several key

challenges as follows.



First and foremost, the interference margin provided byGB&1A system has to be predicted.
In conventional spectrum sharing studies, the primary aedrsdary systems usually operate with
the same access scheme, and the interference margin isagvempredefined threshold]{[9].

In our SR system, there exist different access schemeswausave to carefully quantify the
interference margin based on the SINR analysis of CDMA sys#though there are extensive
investigations on the CDMA SINR in single/multi-cell(], [11], flat/frequency-selective fading
[6], [12] scenarios, few effort has been put on the SINR performartenwhe CDMA users are
interfered by a system with a different access scheme. &umibre, when evaluating the SINR of
CDMA users, it is usually required to know the specific spregd¢odes adopted by CDMA users
and the channel state information (CSI) between CDMA usedsthe base station (BS). This
could be impractical for the SR system, due to limited infation exchange between the two
systems. Motivated byg], [10] that the CDMA SINR converges in probability to a determiiais
value when the system dimensions get large, we resort tosyrag@otic analysis to predict the
interference margin for our SR system. Thus, several questieed to be answered. How can the
asymptotic SINR of CDMA user accommodate the interferenomfthe OFDMA system, since
the interference here is colored in spectrum? When the CDysem adopts different receive
filters, such as MF and MMSE filter, is the effect of OFDMA irfegence identical? What will
be the impact of the CDMA system to the OFDMA system? Ansvgetirese questions in this
work will reveal the essence of the OFDMA/CDMA SR system.

Second, once the CDMA interference margin is obtained, ttasgin should be effectively
used by the OFDMA system to perform resource allocation.idga conventional spectrum
sharing studies, to keep the interference to primary recédelow the interference margin, the
CSI of the channel from secondary transmitter to primarires, i.e., cross-channel, has to be
known [7]-[9], [13], [14] or partially known [L5]. In practice, however, the cross-channel CSI
is usually difficult to be obtained due to the non-cooperati@tween primary and secondary
systems.

To solve the above problems, we first establish the signaktraidhe proposed OFDMA/CDMA
SR system. In our model, both OFDMA and CDMA system share #meescell site and same
BS antenna. This sharing could be possible as both CDMA andMD* networks belong to
the same operator. Thus, the CSI of cross-channel is knanihgguals to the CSI of secondary

signal channel itself. This is an interesting and fundam@lemiodel for the proposed SR system,



from which various studies could be made. We then quantiéyasymptotic SINR performance
of the CDMA and OFDMA users in the proposed SR system usingahéom matrix theory and
the large number law, from which the interference margieradble by CDMA system is derived.
When evaluating the SINR of OFDMA users, the interferenoenfiCDMA system is also taken
into consideration. Finally, by using the interference giartogether with the transmit power
constraints, the resource allocation problem of the OFDMAtem is formulated and solved
through dual decomposition method.

It is pointed out that in13], [14], and [15], where the spectrum is shared by the CDMA and
OFDMA systems, the interference margin was a predefinectyalud there is no justification on
how to determine this value. Furthermore, the interferdrm® primary transmitter to secondary
receiver was not taken into consideration.

The remainder of the paper is organized as follows. In Sedtjahe proposed OFDMA/CDMA
SR system, and its signal transmission model are presemte&kction 1, the signal detection
for CDMA and OFDMA users is investigated. The asymptotic BINf CDMA users with
different CDMA receive filters are analyzed, and the intenfiee margin that can be exploited
by OFDMA system is determined. After that, the resourcecallion problem of OFDMA system
is formulated and solved in Section IV. Simulation restuttattvalidate our analysis is presented
in Section V. Finally, the paper is concluded in Section VI.

The notations used in this paper are as follows. The boldfpper case letters denote matrices,
and the boldface lower case letters denote vecitfrsdenotes expectation. We use superscripts
(1) and ()T to denote the conjugate transpose and transpose of a matexvector.I and

diag(-) denote the identity matrix and diagonal matrix, respebtivér{-},

, and|| - || denote

the trace of a matrix, absolute value, and Euclidean distamespectively.

1. SYSTEM MODEL

The uplink of OFDMA/CDMA SR system is considered in this padée signal transmission
model from user terminals to the BS is illustrated in RigHere, we assume that single antenna
is deployed at the BS and all user terminals. Furthermorty ystems share the same cell site
and same BS antenna. This sharing is reasonable, becauspetfator can adopt SR technique
by adding OFDMA transceiver to the CDMA cell cite. The sigmateived by the common
antenna can be passed to the CDMA module and the OFDMA modutedir respective signal
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Fig. 2. The system model of uplink OFDMA/CDMA SR system.

detection. It is pointed out that the results obtained iis fhaper can also be extended to the

case that different antennas are used at the BSs of the twensys

A. SR System Description

DenotelV as the effective bandwidth licensed to the CDMA system dperal the total
number of CDMA users. Each CDMA user is assigned with a randpneading code with
spreading gainV. Thus the chip duration and symbol duration for the CDMA egstare denoted
asT, = % and7, = % respectively. The OFDMA system operates in the same spachs
the CDMA system. LetK be the total number of OFDMA users. Suppose the FFT siZg,is
and the OFDMA symbol duration is chosen to be equal to the CD3ybol duration’’,. The
cyclic-prefix (CP) is used to take care of the multipath dfffadhe wireless channel. The overall
bandwidth1V is thus split intoN equally-spaced orthogonal subcatrriers.

Take the wideband CDMA uplink as an example. In practicepérates at a 5SMHz bandwidth
with the chip rate of 3.84Mcps. The spreading gain can vamnf@ to 256 16]. The LTE can
adopt 256 subcarriers when working at 5SMHz mode with subgraspacing of 15kHz, The
sampling rate is thu$b5KHz x 256 = 3.84MHz that equals to the WCDMA chip rate. Thus, the
two systems can easily get synchronized with the same clefekence.

All the wireless links are quantified by distance-depengeth loss, large-scale shadowing,
and small-scale fading. For simplicity, the distance-aeleat path loss and large-scale shadowing
are treated to be 1, and the average power of small-scalegféslialso normalized to be 1. With

this normalization, the transmission power in fact defires dverage receive power at the BS.



Furthermore, the small-scale fading is modeled witlkequally-spaced multipaths, and the time
delay between two consecutive pathg/is Moreover, the channels are assumed to be invariant
within each symbol duration. Next, we will look into the diétaof signal transmissions in the

SR system.

B. CDMA Signal

As shown in Fig.2, let a, be the data symbol to be transmitted by CDMA userThe
symbola, is spread by spreading codg, wheres, = [s,1, Su2; - - .,squ]T with unit power,
i.e., El||s.][*] = 1, and covariance oFE [s,s”] = LI. The spreading codes;, ..., sy for
different users are chosen to be independent with each. ditlr perfect power control1[7],
we assume that all users have equal average receive gower, E[|a;|?] = - - - = E[|ay|?] = ¢.

For ease of presentation, we assume the CDMA system alsoPasiffiilar to the OFDMA
system, though the results derived in the paper can be yeagiended to normal CDMA
systems. For everyN chips coming from the same symbol, a CP contairih@> > L —1) chips
are inserted before the chip signals are transmitted oeewifteless channel. The insertion of CP
at transmitter and removal of CP at receiver avoid the isyanbol-interference (I1SI) between
successive symbols caused by multipath effect.

The time-domain CDMA received signal at the BS after CP rangys given by

U
r.= Z Cusuaua (l)
u=1
wherer. is N x 1 vector,C,, is N x N matrix
hor hur-1 - hyr -+ 0
0 hur -+ 0 - 0
Cu - ) (2)
0 0 v hyr o+ hya

) )

The effect of ISI in normal CDMA systems without CP inserticen be negligible, when the number of the interfered chips
is small compared to the spreading gain. This is true espeesidoen N — oco. In the normal CDMA system with limited

spreading gain, the ISI can be largely mitigated by postgssing, such as the overlap-save schebdg |



whose entryh,; is the impulse response of tiith path of usen.. BecauseC, is circulant, it

can be factorized as
C,=WHIAW, (3)

where W' is the N-point Fourier transform matrix whose entries af%(e‘%ab)a,bzo,_w_l,
and A, = diag(A,1...., ) contains the frequency-domain channel response of user
Substituting 8) in (1) yields

U
re=>» W'AWs,a,. (4)

u=1

C. OFDMA Signal

According to Fig.2, the N-dimensional OFDMA received signal can be written as

K
ro=» WY"Hb, = W"Hb. (5)
k=1
Here, by, = [bi.1, bk, - .-, br.n]" is the transmission data vector for each user 1, ..., K, and

E[|bk,n|2] = pi. IS the transmission power of uskeon subcarrien. Hy, = diag (Hy 1, Hi 2, ..., Hi n)
is frequency-domain channel response matrix for useMoreover,b = Z,f:l b, and H =
diag (Hyp)1, He)2s - - - Hevgn ) where {k[n]},_,  are the user index, indicating the user

that is transmitting over subcarrier

D. Compound Received Signal at BS

Assume that both systems share the same receive antenreaB8 tnd the OFDMA symbols
are synchronously received at the BS with the CDMA symbdl$e receive signat is thus
composed byr., 7, and the additive white Gaussian noiae wheren ~ CA (0, 02I), which

is represented as

U
r=>Y WYAWs,.a,+W"Hb+n. (6)

u=1

2The OFDMA system can adopt a timing advance mechanism thdtlisy used in 2G/3G cellular network§g]. As OFDMA
transmits, it first synchronizes the frame with CDMA systérhen they will keep synchronous as they have the same symbol

duration, and the use of CP can tolerate certain amount dgimmismatch.



The corresponding frequency-domain compound signal is

U
F =Y A,S.a,+ Hb+n, (7)

u=1

wherer = Wr, 5, = Ws,, andn = Wn.

It can be seen from7] that when the OFDMA and CDMA uplink transmissions co-occur
in the system, they will interfere with each other at the B®.the following sections, we
will describe the respective signal detections for the tystems, and quantify their mutual
interference, which will then be used to design the resoaliceation scheme for the OFDMA

system.

IIl. DISJOINT DETECTION OFSR SYSTEM

Without cooperation between the two systems, disjoint aliete is applied to CDMA re-
ceiver and OFDMA receiver which abstract their desired dgtdreating the remained part as
interference plus noise. In practice, linear receiversaatgpted by CDMA system due to their
complexity advantage. Denoting, as the MF receiver and, as the MMSE receiver of CDMA
useru,Vu = 1,...,U, in the following subsections, we will derive the SINR exgs®ns for
the CDMA and OFDMA users when disjoint detection is applied.

A. CDMA SINR with MF Receiver

Taking the CDMA usern:, as an example, the MF is designeda&as= A,s,, and the MF

output,d&MF) = ellr, can be expressed as
U
dgMF) — efeuau + e{j ( Z Aiéiai + Hb + ’fL) . (8)
i=1,i#u
The first term in §) is the desired signal, and the remainder is interferenge pbise. The SINR
can be calculated as
2
2O = tleve . (©)
eld <Zf]:12¢u ge;el +3 + 02I) €.

The matrix X is the N x N covariance matrix ofHb with nth diagonal entry being?2. By

denoting g, = |Hy..|* as the channel gain of OFDMA usér on subcarriem, o> can be
expressed as? = Zle DrnJk.n, Which represents the interference power seen by CDMA on

subcarriern.
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Eg. ©) shows that the SINR of a CDMA user depends on the specifi@adprg codes as well
as the CSI of all CDMA users in the system. With the spectruaris between the CDMA
and OFDMA system, the SINR of CDMA user is further affectedtoy transmission power and
CSI of OFDMA system. Without knowing these information, stdifficult to exactly calculate
the SINR of the CDMA users. Fortunately, it has been provahwhenX = 0, (9) converges in
probability to a deterministic value when the dimensiqig,U ), of the CDMA system become
large, which means the asymptotic SINR of pure CDMA systemdependent of the specific
spreading codes. This inspires us to investigate the aspim@INR of CDMA users when
OFDMA system co-exists.

AS1: We consider a large CDMA system, in whiéhh — oo, U — oo, but % converges to a

constant parameter, which represents the CDMA system load.

Corollary 1. With AS1, the SINR of CDMA uset, VZ(MF), in the SR system converges in
probability to
2
1 N 2
~a(MF) _ q<N 2in=1 [Pun] )

u N 2 U 2 N 2 N 2 5’
52 o (Pl St @Dinl”) + 3 20y (Danl02) + 4 S0 Al
(10)

whereo? = Z,f:lpk,ngk,n, Yn=1,...,N.

Proof: To derive the asymptotic value oﬂ(MF), we can derive asymptotic values of the
nominator and denominator i) separately. First, the nominator if)(is given by
glefe,|” = q|37 AT A8, " = g|Tr {37ATA,5, )} (12)

As N — oo, according to ], Tr {87ATA,5,} =5 LTr {ATA,} = LN A% (1D is
thus given by

u 2 a.s. 1 N 9 2
Q‘eueu‘ _>q Nznzl‘)\u,n‘ . (12)

Similarly, the asymptotic value of the denominator #) ¢an be derived as

U
el <Z geel’ + % + 02I> e

i=1,i%u

a.s. ]_ H U H 2
ST A (3 qeel +3+0%T) ) (13)
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which can be further derived to the denominator b#)( Then the corollary is proven. [ ]

Corollary 1 offers us the following insights. Besides théerruser-interference due to the
independence and randomness of the spreading codes use®My Qsers, the OFDMA
introduces interference on each subcarrier, acting agemlooise across the overall spectrum
due to the non-uniform power allocation among subcarrietscdannel fading selectivity, which
is whitened at the output of the MF.

Corollary 1 describes the asymptotic SINR for CDMA usershvitequency selective fading
channels. If the CDMA users are with flat fading channels, A¢ = A\, I, (10) can be simplified
as
~a(MF) _ C.7|>\u|2

E - % ZzU:l,i;éu Q|)‘i|2 + % Zij:l Zszl GknPkn + a? -
If the CDMA users are with AWGN channels, i.e\, = 1, (14) can be further simplified to

~a(MF) __ q
Tut T N K : (15)
aq + % Zn:l Zk:l 9knPkn + 02

Eq. (1L0) still cannot be used by OFDMA system to predict the intenfee margin, since the
SINR in (10) depends on the CSI of CDMA users, which is not available t®MRA system

in practice. Next, we will solve this problem by looking akethase when the CDMA users are
with rich multipath components. We make the following amfil assumption:

AS2: The number of multipathd, for CDMA users is large, and the wireless channel fol-
lows uniform power delay profile20]. That is, each channel tap follows complex Gaussian
distribution, h,,; ~ CN(0,1/L).

Corollary 2. With AS1 and AS2, the asymptotic SINR of all the CDMA userg(i)) converges

to

a q
T (19)

) 1 N K
whereo? = & Yot Dbt PlnGheon-

Proof: The proof is given in Appendix A. [ ]
The limiting SINR for CDMA users shown inlg) manifests the essence of the underlay
SR system. For pure CDMA systefi = 0), we can quantify the supportable CDMA load as
follows. Let ¢/0? and 5* be the receive SNR and target SINR for CDMA users, both are the



12

parameters related to system design and target Quali8enfices (QoS). From the equation,
£*, we can obtain the supportable CDMA load as
.1 1
T g

When the CDMA load decreases fram; to «, to maintain the same target SINR, there is

7{1 p—
oypato?

(17)

interference margin tolerable by CDMA system, which we deras7yr. Based on the equation

~—7—= = /8", Tur can be derived as

Tyr = (O‘KIF - CY)CL (18)

which is the maximal interference level that can be intr@atuby OFDMA system.

B. CDMA SINR with MMSE Receiver

When the CDMA system adoptes MMSE receiver, the receiveuseru, d,,, can be denoted
as R0

U -1
d.= (Y qeel! +T+0°T) ew. (19)

wheree; = A;S;. Then, the output of the receiver Eé“IMSE) = dfr, whose SINR can be

evaluated as
U ~1
oMMSE) _ ¢ oH <§ :4_1 geie + 3+ 02I> e, (20)

Similar to MF, the SINR of MMSE receiver cannot be evaluatetheut knowing the specific
spreading codes and CSI of all users. It has been proven likaagymptotic CDMA SINR
with MMSE receiver without OFDMA users converges to a detarstic value, under the help
of random matrix theory. To derive the asymptotic CDMA SINRthe OFDMA/CDMA SR
system, we first recall the following theorem, whose deidratonsiders the interference among

CDMA users only.

Theorem 1 (Theorem 6.10 of 21]). With ASL1, the SINR of usew without OFDMA users
converges tar,(—o?) in probability, wherez,(z2), = € C\R™ is the unique Stieltjes transform
that satisfie$

N 2
IS P L (22)

1 2 :
Wl N imt 1++(Z)|)\m| -z

3The proof is provided as a special case 28][
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Considering the interference introduced by OFDMA transiois, the asymptotic SINR of

CDMA users is given in the following corollary.

Corollary 3. With AS1, the SINR of uset, VZ(MMSE), in the SR system converges in probability

to z,(—o?), wherez,(z), = € C\R™ is the unique Stieltjes transform that satisfies
N

xu(z) _ i Z 1 Q|)\u,n| (22)

U 2 :
N n=1 N Zz:1 1+fi(z) [Ainl ™+ 0 — 2

Proof: As N,U — oo,

1
U
7Z(MMSE) @8 4y A AE Z qe;el + 3 4 oI . (23)

i=1

4
N

As A, A is Hermitian matrix with uniformly bounded spectrum normd& = diag(o?, ..., 0%),
the trace in 23) can be further derived as
-1
q U
H H
NTI AN, ;qeiei +X -2
-1
4q d 4q
= T A A ——ANAT 3 2] 24
i R PSS e it B S @9
wherex;(z) is the unique functional solution of
-1
4q d q
i(z) = =Trd A AT ———AMNAF 2 2T 25
ri(2) = T M| D gy A B : (25)

J=1

such that ali{z;(2)},—1.. ¢ are Stieltjes transforms of non-negtive finite measuréRon Since

-----

AA" and X are diagonal matrices, the trace B¥) can be readily derived as

N 2
[Aunl
’ . (26)
U 2
; % > im1 1+;§i(z) [Ain|™ + 07 — 2

Thus we can conclude thaf®™>®

converges tor,(—oc?) in probability, wherez, (z) is the
unique Stieltjes transform that satisfieS), Then, the corollary is proven. [ ]
The asymptotic SINR of CDMA users with MMSE receiver undeftoced noise was also

investigated in 11], where the asymptotic SINR of CDMA users depends on theibligion
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of the covariance of noise on each dimension. The distobus pre-assumed in the context of
that work, since the colored noise modeled the interferémmea neighboring cells with CDMA
transmission, which can be estimated but cannot be coaedrdl this work, however, the colored
noise reflects the interference introduced by the OFDMA dmaission, whose transmission
strategy, i.e. resource allocation, will be controlled hg OFDMA system.

Similar to the MF scenario, the result obtained under sekedading channel shown ir2p)
can be extended to flat-fading and AWGN channel, respegtitiider the flat-fading channel

condition, €2) can be simplified as

N al\f
va(2) = & 5 YR — (27)
n=1 N 211+:p k=1PknGkn T O
while under the AWGN channel conditior2{) can be further simplified as
SEEESD < (28)
“ N

nlN i= 11—|—;1:z +Zk 1pkngkn+02
Solving 22) to find the SINR for each user involves solvibigcoupled non-linear equations.
Moreover, it also needs to know the explicit CSI of all the CBMsers. To overcome these

difficulties, we provide the following corollary.

Corollary 4. With AS1 and AS2, the SINR of all the CDMA users with MMSE receivers

converges toy*™MSE) which is the unique solution of

q
r=E, | 7—5—1, (29)
T+ ok +o?
whereE, [-] denotes taking the arithmetic mean ém2},—; .
Proof: The proof is given in Appendix B. [ ]

Similar to the MF case, without the OFDMA sharingf & 0), the supportable CDMA load

when MMSE is adopted can be derived as

NMSE = (% - q/102) (14 87). (30)

Similar to the MF scenario, whemy,,,;sr, decreases te, there is interference margin provided

by the CDMA system. Let)MSE denote the interference margin on subcarrierbased on
equationf* = E, [—s—phwrz), We can see thaf)">"} can be different across subcarriers.
1+5% 'n

Therefore, it is difficult to derive the specific interferenmargin for all subcarriers. In the
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following section, we will solve this problem by reinforgjrthe protection to the CDMA users,

by which the average interference mardii;sg, IS heeded to be derived only.

C. OFDMA SINR

At the OFDMA receiver, the output of the FFT processor can liievs in (7). The second
component is the desired signal, while the first and last @rapts are interference plus noise.
Then, the SINR of OFDMA usek,Vk =1,..., K, on subcarrien,vn =1,..., N, becomes

PknGk.mn
= — . (32)

% 2521 Q|)\u,n|2 + o2

UnderAS1 andAS2, the SINR in 81) converges to

b
rYk,n

b PknGk.n
= T 32
ko aq + o2 (32)

Based on OFDMA definition, we make

> 0, if subcarrier n is allocated to user k
Phn (33)
= 0, otherwise

to guarantee the subcarriers being exclusively assigned@unsers. With32), the overall uplink

throughput achieved by OFDMA system can be written as

K N
C=>" log, (1+7},) (34)

k=1 n=1
In next section, we will formulate and solve the OFDMA resmmuallocation problem with

the protection to the CDMA users.

IV. OPTIMAL OFDMA RESOURCEALLOCATION IN SR SYSTEM
A. CDMA Protection

With the receive SNRy/0? and system loadyr of CDMA system that are available, the
OFDMA system can predict the interference margin based erSINR analysis in the previ-
ous section, wherg/c? and o« are both system parameter. Meanwhile, no information about
the OFDMA system is required by the CDMA system. Thus, this §Rtem requires least

information exchange, which largely alleviates the siinglburden.
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To protect the CDMA services, we have to guarantee its SINRes® than the target SINR,
5%, i.e.,
,ya(l\IF) > 5* or ,ya(Ml\ISE) > 5* (35)

Since the interference margin when CDMA adopts MF receiear lteen given bylg), to meet

M) > 3% we can restrict the total interference introduced by OFDM&tem according to
02 < Twr. (36)

To meet the requirement for the CDMA system with MMSE receigenot straightforward,
determined by the OFDMA resource allocation. To avoid s@vi29) directly, the following
proposition is provided.

Proposition1: Supposeq9) has the unique solution. For any givens*, v > * if and only

q

ag 2 2
g TO0nt O

E, > B*. (37)

Proof: Letting f (z) = E,, [%] , Which is a continuous and strictly decreasing function.
1tz n

Since~ is the unique solution of2Q), f(v) = 1, we havey > * is equivalent tof(5*) > 1

according to the monotonicity of (z).

B. Problem Formulation

Based on above analysis, the OFDMA resource allocationlgmolin the SR system can be

formulated as (P.1).

K N

Pk nGk,n

P.1 E El 14+ —=
( )mgx ng( aq+02)

k=1 n=1
(36) or (37)
s.t. ) (38)
SN pen < PoVk=1,... K
with p.,, being defined as in3@), and P is the K x N power allocation matrix with entries of

{Pknth=t...Kn=1..n- P is the maximum transmission power for each user
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C. OFDMA Resource Allocation with CDMA MF Receiver
When CDMA adopts MF receiver, (P.1) should be solved witht fognstraint being 36).

Apparently, (P.1) is not a convex problem &h which makes the problem difficult to solve; and
the exhaustive search becomes prohibitively complex astimebers of subcarriers and users
getting large. It has been shown that the duality gap vasjsas the number of subcarriers
becomes large, by using dual decomposition met&], [which is also adopt in the uplink
resource allocation2d]. Therefore, as a benchmark performance, we also adoptntbtbod

in solving (P.1). The details of dual decomposition optiatian for solving (P.1) is provided
in Appendix C. During solving the problem + 1 dual variables are involved, whereis
the one associated with the interference constraint)anét = 1, ..., K, associated with power

constraints for each OFDMA user. Subgradient method is tediofp update the dual variables.

D. OFDMA Resource Allocation with CDMA MMSE Receiver

When CDMA adopts MMSE receiver, we should solve (P.1) wita finst constraint being
(37). However, the problem cannot be decoupled completely. @EDMA users and subcatrriers;
thus the dual decomposition method cannot be applied. Teertiek problem tractable, we will
reinforce this constraint.

Since the interior function of the expectation @) is concave, we have

q q
En e - « — . (39)
15 ton+ o 15 t o +o?
If we make that
> f (40)
m -+ O'n + o

the constraint37) can be guaranteed. By solving the equat@q#%w2 = (*, we can get
1+8 Y
the interference margin provided by the CDMA system with MM&ceiver as

1+ B
where ofsy 1S given by (30). Thus, to guaranteédf, we can restrict the interference power

Thivise =

introduced by OFDMA system according to
02 < Thnise- (42)

Now, the problem can be solved by the same algorithm as thMFoftase, by updating the

interference margin t@ynse.
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E. Remarks

Besides solving the problem by typical numerical methodweeld like to investigate some
interesting structures of the solution for (P.1). First, e@nsider a situation that the power
limitation is dominant for this problem, for either fairlyrgll P, or large interference margin

due to light CDMA load. Then interference constraint can dpgored.

K N
PknGk.mn
(P.2) mgxz Z log, <1 + P 02)

k=1 n=1
N _
< —
s.t. anlpk,n <P,Vk=1,....K (43)
The optimal power allocation is
1 ag+ 02"
n = - ) 44
Pr, {)\k In2 Gk ] (44)

which is a typical water-filling solution.
As a counterpart, when the interference constraint isgnh due to a heavy CDMA load

or high power supply of the OFDMA user, the problem becomes

K N
PrnGkn
P.3 1 1 —
( ) mgxzz 0g2< +Oéq+0'2)

k=1 n=1

N K
S.t- anl Zk’:l pk,ngk7g S T (45)

whereT' represents eithefyr or Tuwvse. Associating dual variablé with the constraint, the

optimal py, ,, is

= LTl (et (46)
pk’n_gk,n Sl T '

The above equation shows that OFDMA allocates power in araianverse manner. In this

case, the OFDMA achievable throughput has the closed fopressed as

) . (47)

C'= N1 1
og2< +ozq+02

V. PERFORMANCE EVALUATION

In this section, simulation results are provided to evauae performance of the proposed
OFDMA/CDMA SR system. The spreading gain of CDMA system ahe EFT size of the

OFDMA system are set to b& = 256, which is large enough to verify the asymptotic results
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Fig. 3. Block diagram of the simulation and information flows

obtained in this paper. The power of white Gaussian noiseerisalized tar? = 1. The number
of multipathsL is set asN/8, and each of the time-domain delay taps follows the distidiou

of CN'(0,1/L). The target SINR threshold* for CDMA system is set to be 2dB. The designed
receive SNRq/c* and CDMA loada will be varied in the simulations. There are two users
in the OFDMA system, and the maximal transmission SNR fohe@&DMA user P, /o2 is
assumed to be 30dB.

The block diagram of the simulation and information flowdlisstrated in Fig.3. The CDMA
system passes its system paramet@igy,: or aynses 3, ¢/0?, ), to the OFDMA system for
predicting the interference margin. This is the only irggstem information flow needed in
the SR system. In order to get the simulated SINRs for CDMAs)sbe spreading codes for
each user are independently and randomly generated, andténierence power introduced by
OFDMA system is passed back to the CDMA system. In practioe/glver, this information flow
is not necessary since the interference power can be estinbgtthe CDMA receiver directly
[23], [26].

Firstly, we adopt MF as the CDMA receiver to study the OFDMAaerce allocation results.
For one particular channel realization shown in Figa) , Fig. 4 (b) and (c) illustrate the
OFDMA power allocation at each subcarrier for light CDMA tbacenario and heavy CDMA
load scenario, respectively. It can be observed that fdr boénarios, each subcarrier is allocated

to the user with the better channel gain. Moreover, in thet @OMA load scenario, the OFDMA
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Fig. 4. OFDMA resource allocation results: (a) Channel oesps of OFDMA users; (b) Subcarrier and power allocation
with light CDMA load; (c) Subcarrier and power allocationtiwviheavy CDMA load. The solid line and dashed line represent
OFDMA user 1 and OFDMA user 2, respectively.

power is allocated in a water-filling way as shown in Fgb), while in the heavy CDMA load
scenario, the OFDMA power is allocated in channel-inversmmer as shown in Figd (c).
These observations are consistent with the discussionarinBPof Section IV.

Fig. 5 and Fig.6 further validate the convergence of the proposed OFDMAuesoallocation
algorithm. Fig.5 (a)-(c) represent light CDMA load case, while Fig.(d)-(f) represent heavy
CDMA load case. The duality gap for both scenarios conveigesro as shown in Fich (a) and
(d). In Fig.5 (b) and (c), the converged dual variables; };—, » are around 0.08, andlis close
to zero. This means that the user transmits at its maximuowable power, and interference
to CDMA is less than the interference margin, which are destrated in Fig.6 (b) and (c).
In the heavy load counterpart, the converded}._; » approch zeros, while the convergéds
around 0.02. This demonstrates that the total interfer@rmceduced by the OFDMA system to
the CDMA system reaches the interference margin, while rdr@stmission power is less the the
maximal value, which can be seen in Fi§(e) and (f). All these validate the effectiveness of
the proposed OFDMA resource allocation algorithm.

Next, we evaluate the OFDMA achievable throughput by vayyihe CDMA load, when
CDMA adopts different receivers, i.e., MF and MMSE receiverom Fig. 7, we find that
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maximal transmission power constraint. (a)-(c) for lighdI/@A load; (d)-(f) for heavy CDMA load.
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Fig. 6. Evolution of OFDMA throughput, interference power@DMA, and total OFDMA transmission power by each user:
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OFDMA can achieve much higher throughput when the CDMA syséelopts MMSE receiver,
as compared with that of MF receiver. This is because the CBylgtem with MMSE receiver
can provide higher interference margin than that with MFenesr, which can be seen from

(38) and @1). Moreover, the feasible range of CDMA load with MMSE re@givs much larger
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Fig. 7. OFDMA achievable throughput vs CDMA load.

than that with MF receiver. We also consider two levels of Cbkceive SNR/0? = 20dB
and ¢/c* = 10dB to represent high and low CDMA receive power. When the CDMAd is
light, the OFDMA system can achieve high throughput. But viiee CDMA load is relative
high for both receivers, the 10dB-curve outperforms theB26drve. This is because the high
receive SNR of the CDMA system provides higher interferemeggin, but also imposes higher
interference to OFDMA users.

Only looking into the OFDMA throughput is not enough, sinbe scheme should protect the
CDMA services well. In Fig8, we compare the theoretical and simulated average SINReof th
CDMA users by varying the CDMA load, and applying differeppés of CDMA receivers. It
can be seen that these two values match very well for all teescdurthermore, for both types
of CDMA receivers, when the CDMA receive power is high and @BMA load is light, the
achieved CDMA SINR is higher than the target SINR. The reaspalthough smallv provides
high interference margin, it cannot be exploited by the OFDBYstem due to the transmit
power limit. As « increases, the interference margin becomes less, anduallgntan be fully
exploited by the OFDMA system. Thus, the achieved SINR fer@MA system converges to
the target value, when the CDMA load becomes heavy.

Furthermore, we verify the OFDMA achievable throughput layying the CDMA receive
SNR ¢/c%. Two levels of CDMA load, i.e.a = 0.05 and o = 0.2 are considered. Figd
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Fig. 8. CDMA achievable SINR vs CDMA load: (a) MF receiver) MMSE receiver

shows that for a given CDMA load, the OFDMA system achieveghéi throughput when the
CDMA system adopts the MMSE receiver. For the same type of @Dbteiver, the OFDMA
system achieves higher throughput when the CDMA load ig.lighaddition, there is an optimal
CDMA receive SNR value that maximizes the OFDMA achievabl®ughput. The reason can
be stated as follows. When the CDMA receive SNR is small, titerfierence margin that can
be exploited by OFDMA is small; thus, the OFDMA can only aseidow throughput even
though it has extra transmission power. As the CDMA receid® Sncreases, the interference
margin increases, thus OFDMA can achieve higher througtipough transmitting at higher
power. When the CDMA receive SNR further increases, althdugher interference margin is
provided by the CDMA system, this margin cannot be fully exgld by OFDMA system due
to the transmission power limit of the OFDMA users. On theeothand, the interference from
the CDMA system to the OFDMA users increases, making the ORCAdhieved throughput
deteriorate.

In the CDMA counterpart shown in FidlO, we can see that the CDMA achieved SINR
increases with the receive SNR, and the theoretical andlaietlaverage SINR match very

well. The increment of CDMA receive SNR provides higher ifégeence margin to the OFDMA
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system, but the OFDMA system will not be able exploit it duatsopower limit. Eventually,

the interference from OFDMA to CDMA will converge to a limithus, the CDMA achieved
SINR will keep increasing as the receive SNR increases. \8e abverse that although the
reinforcement of the constraint should have brought alomgwer-protection to CDMA user,

the effect is negligible as the number of subcarridrss large.
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VI. CONCLUSION

In this paper, we have proposed an underlay OFDMA/CDMA SResgswhich allows
OFDMA network to operate in the spectrum allocated to the GDMtwork. We have quantified
the mutual interference between uplink transmissions eftwo systems, and derive the asymp-
totic SINR of the CDMA users. The interference margin that t@ tolerated by the CDMA
system is derived by the random matrix theory and the largeben law. With the interference
margin together with the transmit power constraints, tis®uece allocation problem of OFDMA
system is formulated and solved through dual decompositiethod. Our simulation results
have verified our theoretical analysis, and validated tifecta¥eness of the proposed resource
allocation algorithm and its capability to protect the legaCDMA users. The proposed SR
system requires the least information flow from the CDMA eystto the OFDMA system,
and no upgrading of the legacy CDMA system is needed, thuantbe deployed by telecom

operators to improve the spectral efficiency of their calluietworks.

APPENDIX A

PROOF OFCOROLLARY 2

Because the power of channel response in frequency doméne isame as that of impulse

response in time domain, we have

1 N 9 L 9
N anl [Aunl” = lel |P] (48)
ConsideringAS1 and AS2,
1 N 5 L )
]\}l_ril)o N anl |)‘u,n| = [}1_{20 lel |hu,l| . (49)

Based on large number law, and considering that each patthbgsower of% given inAS 2,
the RHS of 49) can be derived as

L
lim |hoi|* = lim LE[|hyy|?] = 1. (50)
=1 L—oo

L—oo
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Thus, we haveLli_r& % Zi\le |)\u,n|2 = 1. Applying the large number law to the first term in the

denominator of 10) yields

. 1 N
:N,%IEOONz 12; (qgiw \m)
. q

The last equation holds because%)f—> «. Note that the OFDMA resource allocation is NOT
based on the channel condition of CDMA system, since theaimaheous CSI of CDMA is
not available to OFDMA, thus it is reasonable to treat thenmdspendent variables. Then, the

second term in the denominator of (10) is

N
. 1 2 2
NN anl (Punl’en) =E [Punl*on] =E [o7] (52)
Substituting $0)-(52) into (10) yields (6). Thus, the corollary is proven. 0J

APPENDIX B

PROOF OFCOROLLARY 4

Substitutingz with —o? and applying large number law t@%), we have

1 ZN QM |
Ty = th N 1 T 5 5
U,N—>oo,ﬁ—>a —1 sz 1 1+:v ‘)\zn| —|—O' + 0o
N
. 1 @ unl”
= lim —
N—voo, U NZE[1+I]+02+O’2

=E, (53)

E[32L] + 02 + 02
Here we can see the SINR among CDMA users is uniform. Thus,ameconclude the SINR

of any user is the solutions 029). Here, the corollary is proven. O
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APPENDIX C

DuAL DECOMPOSITION INSOLVING (P.1)

By denotingry,, = log,(1 + 2:2%4), the Lagrangian of (P.1) becomes

N K

k=1 n=1 n=1 k=1
K N B

S (zpm—a), 0
k=1 n=1

where§ and {\;},-1.. x, are the Lagrangian dual variables for interference andepaeon-

straints, respectively. The Lagrangian dual function issth

-----

J(8,X) = max L(P, 5, \), (55)

and its Lagrangian dual problem is

rgl)\n fo,N). (56)
Decomposing %5) into NV independent parallel maximisation problems yields
K
fn(& )‘) = mgx {Z (Tk,n - )\kpk,n - 5pk,ngk,n>} . (57)
k=1
Thus f(6,X) can be written as
N K ~
FUNN ALY =D (6AN) + D M\ePy + 0T (58)
n=1 k=1

Letting the first-order derivative w.r.py ,, of the objective function inK7) equal to zero yields

1 21"
aq+a} | (59)

Pln = {(Ak S
where [z]T = max (0, ). Substituting $9) into (57), the subcarrier can be allocated according

to

fn (6,X) = max {"kn — MePrn — OPknGim} - (60)
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For each subcarriet, traversingk’ OFDMA users and allocating it to the best OFDMA user.

Then,§ and {\;} will be searched by subgradient meth@¥][ And one of the subgradient is

(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

9]

1 N K

Pl - ZiLVZI Pin
d, — . 61)
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