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Abstract—In this paper, we introduce a new Differentiated Suc- detection substantially affects the performance of irlied
cessive Interference Cancellation (DiffSIC) ordering technique ysers. The classical SIC detector is the Vertical Bell Labor
for up-link multiple-user systems. Unlike classical SIC, DiffSIC tory Layered Space Time (V-BLAST) detector [3] that aims

is capable of differentiating users according to their priority or o . .
class of service by selecting a detection order that best fits the &t finding the detection order that carries the least amotint o

users’ service profiles. In addition, DiffSIC is able to achieve €ITor propagation.
the optimal SIC detection order that results in the best overall In the context of a layered transmission approach, the

system performance. In order to develop DiffSIC, we introduce Medium Access Control (MAC) layer is normally responsible

analytical methods towards finding instantaneous symbol error r ; ; ot ;
rates (SER) for the Zero Forcing SIC (ZF-SIC) and Minimum for providing service differentiation through frame schiayg,

Mean Square Error SIC (MMSE-SIC) detectors. Furthermore, while the Physical (PHY) layer's respons_ibility is to deliv
we devise two procedures to reduce the computational complexity the packets passed by the MAC layer with the least amount
associated with the computation of SER and the enumeration of of errors. This concept has changed when researchersdstarte
detection orders. We present a number of numerical results which tg think across layers and noticed that getting the PHY layer
g'i?fgrr'é’nﬂgm}%“:ggtgvtgglf‘gg'rtfyoror;aDr:‘;feS'i(r:n;‘:osg‘;?gr‘]?'i'ﬁhggﬁgge involved in the packet scheduling effort could enhance the
" performance of the system dramatically [4]. The ChannekSta
Dependent Packet Scheduling (CSDPS) [5] was one of the
first schedulers to address this problem. But, this invokem
always took place in the scheduling process of the MAC (i.e.
the status from the PHY layer was used in the scheduling
process of the MAC), and had nothing to do with PHY layer
. INTRODUCTION transmission and detection tools and algorithms that weed.u
ULTIPLE-Input Multiple-Output (MIMO) techniques In this paper, we claim that the service differentiation-pro
have been widely recognized as a means for improveéss can take advantage of the PHY layer capabilities to gain
performance of wireless communications. MIMO techniqugBore improvement at the user level. To this end, we propose
provide additional spatial degrees of freedom that canltresa new SIC ordering algorithm that works at the base station of
in several orders-of-magnitude increase in data rate agd sk multiple-user up-link system and can differentiate users
nificant decrease in interference in point-to-point, pamt service by altering the detection sequence. In partictites,
multipoint and multipoint-to-point wireless transmigsioln Differentiated SIC (DiffSIC) works in favor of high priogit
the latter case, different users can be viewed as differantstomers, while low priority users may experience a (short
transmitting antennas, and Space-Time Multiple-User ®etderm) performance degradation. DiffSIC considers Symbol
tion (MUD) can be used at the base station to separate fheor Rate (SER) as the relevant performance measure, and
signals from these users [1, 2]. Since optimal space-tirtherefore we also derive the necessary SER expressionsin th
MUD algorithms are often too complex and time consumingpaper. We note that an enhancement in SER, or interchange-
linear and non-linear approximations of optimal algorithmably the Packet Error Rate (PER), performance of a user's
are used. In particular, non-linear detectors using Sseees communications link directly affects the performance ofada
Interference Cancellation (SIC) are powerful and signifitg communications over that link. In error-intolerant apptions
outperform linear detectors. In these detectors, the oofler (commonly running over TCP/IP), such as file transfers, and
web browsing, a more reliable link translates directly iless
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n wherer = [ry ---7,]7 is the received signal vecta{ is the

B % . M, x M; channel matrixa = [a; - - - aps]7 is the transmitted

— QAM signal vector with average element-wise symbol energy

E,, andn = [n; ---np |7 is the i.i.d. circularly symmetric

complex Gaussian noise vector with covariance matfix ,, .

B The transmission model in (1) can also be written in its

equivalent real-valued format

®
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Fig. 1: Block diagram of the equivalent real-valued transiois system using _
a SIC detector. r=

]

a+mn (2)
where

or feedback to the users. If such a feedback is availableemt us R R R(nq)
for user differentiation anyway [6, 7], DiffSIC could stiile S(rq1) S(aq) S(n1)
applied as an additional fine-grain service differentiatiool. 7 —

: ) C_L = ' ) /’TL = . )
Also, through a feedback channel, high priority users can be ' ' )
advised to use a higher signal constellation size to take ful ?\;E:M; 2%3“; gEZMg
advantage of the improved signal quality they enjoy at the M M, My
receiver. and
Or_ganizationThe rest of this paper is organized as follow_s. R(h11) —S(h11) R(hiag) —S(hig)
Section Il presents the system model under consideration, S(hyy)  R(hia) - S(hiag)  R(hiag)

along with the SIC detector structure at the receiver. I%_

Section Il we introduce the new detection ordering aldwnit - : : ' : :
DIffSIC, and the required analysis of the instantaneous SER | R(har,1) —S(has1) -+ R(hasag) —S(hag,ar)
performance of Zero Forcing SIC (ZF-SIC) and Minimum S(hara) R(hara) o S(hag,nn)  R(hag,ar)

we introduce two techniques towards reducing the compgonys, x 21/, real valuedZ-ary Pulse Amplitude Modulation
tational complexity associated with the algorithm. We thegpaM) system wherel = /M. The signal-to-noise power
investigate the effect of channel estimation errors on3Mf  4tjo (SNR) of the equivalent system remains intact sindé bo
performance in Section V. In Section VI we present anghe nojse and symbol energies get divided by 2.

discuss selected pe_rformgnce results obtained throudiséa _ The signalr is processed at the receiver by a SIC detector to
and Monte Carlo simulations and we conclude the paper dgparate signals from different users. The detector istitited

Section VII. _ in Figure 1 and can be expressed as [8, Ch. 10.3.4]
Notation In this paper, we use bold upper case and lower N .
case letters for matrices and vectors, respectivel§, []”, Z =Fr — Ba, 3)

and []~' denote transposition, Hermitian transposition, a
matrix inversion, respectively. The notati¢in ||, refers to the
£2-norm of a vector whilel,, denotes the x n identity matrix.
Finally, ®(-) and<3(-) refer to the real and imaginary parts o
a complex number, respectively.

r\%hereﬁ B anda are the2M; x 2M, matrix forward filter,
the 2M; x 2M; strictly lower triangular matrix feedback filter,
f';\nd the vector oRM; detected symbols, respectively.

In SIC detectors, the order of detection greatly affects the
performance of individual users. The user that is detectet! fi
receives no gain from the SIC, while the user detected last

Il. SYSTEM MODEL achieves its best performandg correct decisions were as-

We consider the up-link of a multiple-user system, whegumed. Given a channel realization, there is always a detect
each user is equipped with a single transmit antenna, whileder that gives the best average performance. In V-BLAST,
the base station ha¥/, receive antennas. Each user acts asistantaneous post-detection SNRs are used to achieve a
single antenna of a MIMO transmitter, and space is utilizédgtection order in a sequential manner [3]. As we will see
by allowing M; users to communicate simultaneously to thiter in this paper, this criterion does not always resulthie
base station such that; < M;'. The up-link transmitters best order, in terms of SER performance, although it gives
use squaré\/-ary Quadrature Amplitude Modulation (QAM)a very good approximation considering its low processing
constellations and SIC is used at the base station to sepafrggluirements.
different users. The block diagram of the equivalent disere It was shown in [9, 10] that when considering the real-

time transmission system is shown in Figure 1. valued model in (2) shaping the equivalent real-valued obban

The received signal at the base station can be represerif@irix such that the real and imaginary parts of one trariemit
in the complex baseband vector form as get detected in sequence renders these two parts of thd signa

independent. This in turn reduces the complexity of conmguti

r=Ha+n, (1) the matrix filtersF and B and limits the number of possible

P I . . orders of detection back td/;!. The equivalent model in (2)

The ideas presented in this paper are readily extended tdphetlser ib d th hout thi ith th tion thet t
MIMO systems where individual users have multiple antennak diffierent will be us_e _roug ou IS paper wi € assump_lon
applications/streams that might have different serviceirements. real and imaginary parts of one user are detected in sequence
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[1l. DIFFSIC ORDERING ALGORITHM feedback filter B2. Since the rows ofF' are orthogonal in
case of ZF-SIC, the decision variables at different layers
As it was mentioned earlier, in SIC receivers, applyingre independent for a givesy_;.
the detection order that leads to the beserage system  For non-binary signal constellations, we make the assump-
performance might not always be desirable. Users with higian that errors between nearest-neighbor signal points wi

priority can be given an advantage by choosing detection Qfnimum Euclidean distance..... — 6 £ dominate
ders that work in their favor. The proposed Differentiatent-S M=l

. . ! . ) the performance. This limits the set of error symbels
cessive Interference Cancellation (DiffSIC) algorithreas the P y l

o - e ) . to & = {—dmin,0,+dmin} and renders the complexity for
flexibility of differentiating users according to their sk of . : . :
service. DIffSIC exploits the predicted SER performance computing the SER, and thus the DiffSIC algorithm introdlice

_tgelow, independent of the siz& of the signal constellation

SER expressions for SIC taking error propagation into agtou h

. : . : at such an assumption is reasonable for SNR values where
Then, we present th.e DiffSIC glgonthm and its adaptation mmunication systems usually operate. Then, from (6), we
the case when multiple detection chains are employed at

- . . . ive in the A ix thab; . itt
receiver. As in the related literature, e.g., [11-13], wentya Eiive in the ppendix thak., , can be written as
focus on ZF-SIC for its better analytical tractability, ke

_ pM (2)
extension to MMSE-SIC is also shown. Pilei = Pz‘\eifl + Pz‘\eH’ @)
where
A. SER Analysis for ZF-SC Detectors -1
. L . dmin/2 + ) birer
The following analysis is similar to those in [11, 13], but pn L—-1 0 k=1 ®)
adapted to the real-valued transmission model in (2) and ilei L M, _ ’
with an efficient extension to non-binary transmission, akhi Z fi2j0721/2
renders the computational complexity of the final expressio =t
independent of the constellation sizé. d
Given a channel realizatioHl, the error probability for\/-
ary QAM transmission at théth layer,1 < ¢ < M, can be ie1
calculated as dmin/2 — ) birex
P = <L - 1) Q = | (9
M—-QAM _ L—PAM L—PAM tlei-1 L M, _
Piu =1- (I_Pm‘—uﬁ ) (1_P2i|H >’ ) > fho2)2
j=1
where PL=PAM gnd pL—PAM gre the error probabilities

2—1|H 2l A8 . = .
of the equivalent real and imaginarg-ary PAM signals, ' (8) and (9), fi; refers to the element at theth row

respectively. Note that theth layer of the complex-valued @nd j-th column of the forward fi_IterF and Q() is the
system model in (1) corresponds to tf& — 1)-st and2i-th complementary cumulative distribution function of a Gaaiss
layers of the equivalent real-valued system model in (2 Tf@ndom variable. Finally, we note thAt (e;,) follows from
error probability for the real-valued model can be written a the recursion

i—1
PZ.‘LI?{PAM = Z Pjle,_, Pr(e;_1), (5) Pr(e;—1) = H Pr(exlex—1), (10)
e;_1€€,_1 k=1
where&;_, is the set of all possible error sequenegs, = Where
le1,e2,...,e;_1] of layers prior to layeri, P, , is the
probability of error at the-th step given the error sequence 1= Pylepy > ex=0,
e;_1, and Pr(e;_;) is the probability that such an error Pr(exlex—1) = P,E‘lgk_l , ex = +dmin, (11)
sequence occurs. PP . er = —dmin-

klex—1

To find the conditional error probability;, ,, we need to
consider the detector outpgtgiven in (3). SinceB is strictly B
lower triangular, the decision variablg at thei-th layer can _ “The foward filterE” can be derived using the Cholesky decomposition of

. the Hermitian matrixR = H~ H = G G, whereG is a lower triangular
be written as matrix with real and positive diagonal elemen@&can be further decomposed
according toG' = T' M, whereT is diagonal with real and positive elements,

_ izl . _ izl and M is lower triangular and monic. The forward filtéf can then be
Zi = a;+fin+ Y b (ar — ax) = G+ fin+ Y biger, (6) written asF = T 'G " H", and the feedback matri is the strictly
1 h—1 lower triangular matrix such thaB = M — I,s. See [8, Ch. 10.3.4] for

full details

= . . . = = SHere we assume that all users use that same constellatiorNgizerthe-
Wherefz’ is the:-th row of the matrix forward filted” andb;, less, the analysis is still applicable if different conlstiédn sizes were used

is the element at théth row andk-th column of the matrix by different users as long akyi, is adjusted accordingly
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B. DiffSC Ordering Algorithm DiffSIC chooses different orders of detection to achieve th

The DIffSIC algorithm utilizes the SER expression (4) t(pest. available performance. for eaph user given a channel
determine the order of detection that best fits the servif@trix H. Results shown in Section VI demonstrate the
profile of different users. We first define the set of permatati Performance benefits that are obtained with multiple ditect
matrices{P,|¢ = 1,..., M} corresponding to all possible Chains.
channel detection orders such tldy = H P, is the ordered
channel matrix. Then, for each detection ordave compute D. Extension to MMSE-SIC

the costX, associated with this detection order as The DiffSIC algorithm is also readily extendable to Min-
M; imum Mean Square Error SIC (MMSE-SIC) receivers. Such
Xe=> ¢ Pﬁ,‘lQAM. (12) an extension primarily depends on the availability of insa
i=1 neous SER estimates for MMSE-SIC receivers.

The contribution from user to the costX; is given by means The deqision variable for MMSE-SIC detection at layer

of its SERP,|3; 2 and the priority indicato;. The optimal ¢an be written as

order/,,; can then be found as 2M izl ~

’ 5= maan+ Y biver + i, (14)
k=1 k=1

Lopt = argmin Xy. (13)
4

Th hoi £ th iority indicat ‘ B vv_hereml-k is t_he element in theé-th row andk-th column of
€ choice 0 € priority “indicator - Veclole =" yr andp, = f,n . Different from ZF-SIC (cf. Eq. (6)), the

[Cl’c?"“’cM}] IS done at hlgher layers and is ba_sed on ﬂ]@IMSE forward filter F (i) does not transform the channel
service profiles of users. Without loss of generality we timi

) . . D H into a monic and causal transfer function and (ii) the
¢; such thate; € [0, 1] with 1 being the highest priority. The (i)

different oriority ¢l tiallv determing h elements of the noise vect@t = [ny,...,nay,] = F7 are
ifferent priority classes essentially determine how dyethe correlated. Hence, the instantaneous SER analysis for MMSE

algorithm should be to achieve the performance differéotia ¢ yetectors is different from that for ZF-SIC detectorsin
The _Iarger_ the dlﬁerﬁnce bz?’ve‘;” hl'gh_ Erlorltydaﬂrj[d bl()\%spects. First, the noise correlation increases the depend
priority assignments, the greedier the algorithm, and Bt&eb . eqp layers beyond the error propagation problem. Secon

t_he p(E)r_ffcf)érrgnce C()J hig.h priorir:y usefrs. CIearIy,f ?t the.sa} fle imperfect interference suppression renders the aaterat
time, DI may deteriorate the performance of low pripri layer dependent on higher, yet to be detected, layers.

a”ﬁhtéecséﬁgﬂigﬁiﬁfé:m?{exny of the DIffSIC algorithm lies, | 2nd the two mentioned effects into account, the error
robability for MMSE-SIC at the-th layer in (5) is given b
in the repeated evaluation of the SER expression in (4). While y y ®)isg y

the expression itself can be written in terms of elementanIgPAM = Z Z Pile; 1 .ais, Pr(ei—1) Pr(ais1),
functions (e.g., using exponential approximations foreher a;i11€A; 11 e 1€E;_y
function [14]), the number of possible error everid({i-1)) (15)

and orderings/!) render the detection complexity larger thavhere A1 is the set of all possible.-PAM symbol se-
for regular V-BLAST especially for large dimensiodg. We duencesa;i = [ai41,...,az2n,] Of layers to be detected and
argue that this extra complexity may be affordable, esfigcial’le; 1,a:, IS the probability of error at layergiven the error
in slowly time-varying channels, since DiffSIC is execute@nd symbol sequences_; anda;. Pifg,PAM in (15) can
only infrequently compared to the detection process. This ke rewritten as

decidedly different from ordering based on individual rieed L_pam 1

vectors as advocated in e.g. [15]. Furthermore, the coritplex Pill?l T [2M—i Z Z
of DiffSIC can significantly be reduced by approximating the
calculation ofPZ.IL‘;QAM in (4) focusing on dominant error where P; .. _,|4,,, is the joint error probability given the
events or by using a subset of the total number of detectigymbol sequence;i. P, ,|a,,, Can be calculated as
orders available. Such approximations are discussed ail det

(16)

i,ei_1lajrs
a;11€A11e 1€EE

in Section 1V. = o
i,ei71‘0/7'+1 = 5 H (ak') / p(ﬁz) dﬁz +
C. Multiple Detection Chains =1 DL ey
In the case where the receiver has the capacity to employ
multiple SIC chains, a different order of detection can be =\ o= 17
exploited per chain and DiffSIC can be used to simultangousl| p(ni) dni o, (17)
work in favor of multiple users. The parallel use of several D) | aiiy
SIC detectors with different orders is known from multiuser - - - _
detection for code-division multiple access (CDMA) undes t Wheren; = [n1,...,n;], oy is equal to 1 where, = 0 and

name of parallel arbitrated search for interference céatimh (L —1)/L otherwisep(;) is the probability density function
(PASIC) [16, 17]. Different from PASIC, here we do not “For MMSE-SIC, the matrice#’, B and M can be derived using a similar

apply parallel detectors to arbitrate among candidate 8yMfechnigue to the one described in IiI-A. The only differeii¢hat R has to
estimates obtained with different pre-selected orderstelitl, be replaced by the matriR = H' H + 021y,
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- . . TABLE I: Approximate SER calculation
(pdf) of @;, andD{?) , | are the noise regions that lead to PP

an error at layet givene;,_; anda;,1 in both directions of Input: i, He, N;—1

the constellation point. Thevariate noise pdf is given by ~ Output: P2 4M

: // Initialize set of error sequences

1

- 1 lor =

(i) = e P (2”1- M; 1”i> ;o (18 2®wia={e }={0i1)
(277) |Mz| 3: // Initialize error sequence count
— . . o 4g=1

where M; = o2 F;F; is thei x i noise covariance matrix )
and F; contains the first rows of F. Evaluation of (17) 5 CalculateFy, ¢ | for eachk € {1,2,--- i}

. . k—1

v 6: // Initialize SER estimate and decision matifix

in closed form is not possible. However, using again thg; pL—PAM _ p
nearest-neighbor-error approximation, the regi@s? i|H e ,
o - LVl (8 BE(k,1) = Py 1 Pr(e;_ ) foreachk € {1,2,---,i—1}
are composed of a positive and negative orthant, and far ~ " €1
. . . 9: while (J < N;_1) do
this case several approximations for (17) have been prdpo ' . . .
L ./l Find dominant error event, i.e., the error event thamast likely to
in literature, e.g. [18-20]. Here we adopt the method by
e " . . happen
Joe [20] that utilizes conditional expectations and regjoes L] = argmax (E(h )}
with binary variables to approximate multivariate norma]I ' ’ ke{l,...,i-1},5€{1,...,7} ’j
probabilities for rectangular regions. This approximatis 12: E(k,j) = —1
sufficiently accurate and fast to compute (please refer @ [213:  // Branch error sequence at laygrwhich gives two new sequences
for details). Thus, by substituting (15) into (4) we obtain &4 e’*' = [e] |, ~dmin,0i—k), €/*? = [e] |, +dmin,0i—k],
semi-analytical expression to quickly evaluate the SER for ¥i-1:= {‘qul,e“l,e )
MMSE-SIC systems with a moderate number of users. ~ 15 Calculatell, ; foreachk € {k+1,---,i}andj € {J+1, 42}
Further simplifications tackling complexity due to the avié:  E(k,j) = —1 for eachk [SEEIE JkYandj e {J+1,J+2}
eraging overa,, in (15) are possible but not pursued herel7:  E(k, ;) = Py i Pr(ej_,) foreachk {k+1,---,i—1} and
!nstgad, in the following sectiqn we in.troduce. some approx- je f”{jjhr 1,J+2}
imations to lower the complexity of DiffSIC with respect t01g:  // Update the SER estimate and error sequence count
the number of error vectors and detection orders that need) o p_L}_;PAM = pLgPAM + P, Pr(e/ "+
. 1 1 v|e. -
be considered. | ' o

. Pr(e}il),

P. eJ+2 Pr(eJ+2)
i—1

il i—1

20: // Update error sequence count
IV. REDUCED COMPLEXITY APPROXIMATIONS FOR 21 J __pJ+ 9 a

DIFFSIC 22: end while

The computational complexity of the optimal DiffSIC al-
gorithm introduced in Section Il has two main contributors
namely the cost of calculating the SER in (4) and the number
of detection orders explored by the algorithm. Therefone, i
this section, we present two simplifications that will helpection VI. We generalize the suggestion in [13, 21] in that w
to reduce the cost of SER computation and the number $tlect the subse¥;_, of error sequences that dominate the
enumerated detection orders. These can be applied sdpara&tdm in (5). We limit the siz¢®;_, | to a predefined threshold
or in combination to lower the computational complexity/Vi-1 @and thus control and reduce the algorithm’s complexity
Furthermore, while the simplifications are applicable tahbobY limiting the number of evaluations of (7). This approxtma
ZF- and MMSE-SIC, for clarity of exposition we restrict ourSER calculation is formalized in Table I.

attention to ZF-SIC receivers. In this approximation we use the fact that the higher the

) o probability of error at one layer, the larger its influence in

A. Low-Complexity SER Approximation determining the dominant terms in the error calculation of

The complexity of calculating the SER in (5) grows exposubsequent layers. Thus, after scanning the initial caficu
nentially with the number of layers, since the number of errof errors at every layer assuming no previous errors (Tagble |
sequences in the s&; | = {—dumin,0, +dmin}* "' is equal line 8), the algorithm branches the error sequence that is
to 3. In this section we introduce a reduced complexitynost likely to occur. That is, the most likely error event twit
approximation of this calculation by employing an effeetivsequencde;_1,0;_+1] is followed-up by also considering
subset®; ; C £; 1. In [13, 21] it was suggested that, onthe sequence$e;_1, —dmin, 0;—x] and [ex—1, +dmin, 0;—k]
average, errors at the first layer have a dominant effect en flor error rate calculation (Table I, lines 14-17). This is- ex
performance of subsequent layers. Thus, the dominanticontremely helpful, especially when the exact probabilitids o
butions to the error probability at layéare coming from error error are not needed. We use this algorithm to approximate th
sequences iB;_1 € ¥;_1 = {—duin, 0, +dmin } x {0}~ 2 that cost function in (12). Results in Section VI confirm that the
have errors only at the first step. approximation in Table | can significantly reduce the amount

While the conclusions in [13, 21] are intuitively valid, theyof calculations needed and preserve the gains of DiffSIC
are not necessarily true for every channel realization rilr wat the same time. The amount of savings in computational
they lead to the best approach towards reduction in SERmplexity depends mainly on the numh®f_, and can be

computational complexity as will exemplarily be shown imuantified as% x 100%.
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. . . . TABLE II: Determine a reduced set of detection orders for Hi¢
B. Approximation for Selecting Order of Detection

Input: Sensitivity paramete§, users’ prioritiesc = [c1, . . ., caz]
Output: [k1,...,kp,le+1},l€[1,2,...,D}
The number of available detection orders grows factorially: // H* denotes the pseudo inverse B,
with the number of layers. Thus, at a certain level, it become? // H, is the “deflated” version ofd, in which columnsky, k2 -+ ki
impractical for DiffSIC to consider all possible detection have been zeroed
orders when looking for the optimal order that best serve¥ Mitialize ko =0, U = {1,..
the differentiated needs of users. In this section we desai * // First stage
reduced complexity search algorithm that can be adjusted to "' ((M‘; (ij D)t > Ninax) do
the computational capabilities of the receiver’'s procesEoe + T=Hg (Hk})H
algorithm narrows the set of detection orders to be consetler 7:  kp1 = argmin {r [(1 -S)+S (c - meig{cu})} }
down to a predetermined maximum number of ord®ts.x, g y ::u\kffl ¢
where DiffSIC can kick back in and choose the best ordes: r._ py
among the shortened list. 10: end while

The proposed heuristic solution to reduce the number of dit' / second stage '
ders to be considered by the DiffSIC algorithm is to fix thafirsiS: fD ZZEN""“"E)(A;T —(F+ Dl
F users in the detection chain such thiat; — F)! < Ny o or=1toDdo

LM}, F=0

N

. l _ H .. _ . mi
This is accomplished by choosing these first users of thedets®  Fr+1 = argmin {F {(1 S)+S<c’ 323{0“})”
PEUN(RL oo )

tion sequence similar to the way V-BLAST orders users witls: end for

the exception that a scaled version of the instantaneous pQs: // The detection orders considered by DiffSIC start with

detection SNRs is applied, where the scaling factor deeseas [k,,... kp, kL, ], 1€ [1,2,...,D]

with user priority. Thus, high priority users are pushedaois

the end of the detection chain. The rationale for this is that

even though error propagation in SIC eliminates any ditiersi V. PERFORMANCEUNDER CHANNEL ESTIMATION

gains for higher layers, SNR gains when moving from lower ERRORS

to higher layers often outweigh the effect of error prop@gat |, the formulation of DIffSIC we have assumed perfect

on SER. This is consistent with our observation that also thg |ink channel estimation at the receiver. However, ceann

full-fledged ordering algorithm in DiffSIC often places hig ggtimation errors can lead to serious performance degoadat

priority users at higher layers. as they not only affect data estimation but also the decision
The pseudo_code for our heuristic solution is shown &N the order of detection to be used. While this is true for

Table Il. The scaling of SNRs is done by multiplying th&deneral SIC receivers, such as V-BLAST, one could expect
noise enhancement factd?,;; for useri with the relative Stronger degradations for DiffSIC, which relies on acoerat

priority (¢; — mi{}‘{cu}) (Table 11, lines 7,14), wher#/ is the SER estimation taking error propagation into account. It is
ue

set of users still to be ordered, and a sensitivity paramef@?refore relevant to consider the effect of channel esiima

S € [0, 1]. The sensitivity parameter balances the influence gfrors on the_performance of DIfISIC. L
SNR (1/T};) and user priority; on the detection order. More Towards this end, we assume that_the users transmit pilot
specifically, the scaling is designed such that wises 0, no i;que]r;cestqf Igngtﬁ’, thT]'Ch we organdl_ze as th? rc()jws_ of tlh.e
differentiation is attained, and the algorithm behavesctixa < 17 matrix 5p, and the corresponding received signai 1S
as V-BLAST in determining the order of detection for the R,=HS,+n. (29)

first F' users, whereas whefi — 1, the resulting order of Based onfz.. the receiver performs channel estimation. and th
detection is mostly determined by the users’ prioritieshwit ased ont, INE FECEIVEr pertorms channet estimation, a €

V-BLAST being utilized only if equal priorities are presentestlmated channel matrix is used for subsequent data thetect

If § = 1, sorting is done purely according to priorities. A1king the often used assumption that the elementdl aire

an example, consider &4 x 4 system where users’ prioritiesﬁ'f:;agge?g:get;'qncozn;pIt?])(a?r?]:s.sr']?nnﬁnfeolmo\g’g'al\tjlilf‘sr’;tn d
are ¢ = [0,0.25,0.50,1.0) and S = 0.5. The total scaling : wn in [22] Ximum-liket (ML)

vector at the first level (Table II, Line 8, foF = 0) will MMSE channel estimation with subsequent ML detection and

be (1 — S) + S(c — min{e}) = [0.50,0.63,0.75, 1.0]. Thus joint ML processing of pilot and data signal can be cast into

the noise enhancement term is amplified for users with higthF same framework considering the equivalent channel mode

priorities, which discourages the early detection of thesers. r=Ha+AHa+n=Ha+v, (20)

Since N is not necessarily a factorial number, thevhere H is the MMSE channel estimate\H = H — H
pseudo-code in Table Il contains two stages, whEresers is the estimation error, which is independent B, and
are ordered first and the® selections for the(F' + 1)st v = AHa + n. Furthermore, if the elements o are
user are allowed such thadtV; — (F + 1))!D < Nuyax i.i.d. with variances%, the pilot sequences are orthogonal, and
(Table II, lines 12-15). Numerical results in Section VI Wil constant modulus data signaling, i.e., 4QAM, is used, then t
illustrate the complexity-performance tradeoff achidgalith elements of the effective noise vectorare also i.i.d. circu-
this approximation for DiffSIC. larly symmetric complex Gaussian distributed with varianc
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02 = MiEso%y + 02, whereod y = 1/(EsPo;? + o)

is the variance of the elements & H. Hence, in this case,
any SIC detector, including DiffSIC, can use the equivalent
system model in (20) with the MMSE channel estimafe
and the effect of pilot-symbol based channel estimationlly f
accounted for by assuming the equivalent received SNR

E(|Hal3) __ P/M, oy
E{folg} ~ 7 T+ PG+ 1)y

2
where~y = M‘fg"H is the received SNR with perfect channel

knowledge and the facto% is the penalty due to

the estimation error. Since this factor approaches a confsta ‘
increasing SNRy, we conclude that performandaifferences o S| ‘ ‘ ‘ ‘ ‘
between DIiffSIC and V-BLAST are essentially maintained ' s 0 5 10 1 2 %

. . . SNR [dB]
regardless of the quality of channel estimation. ) ] )
2: Comparison of analytical and simulated SER performaaselts for

e ig.
ID the case of noln-cons'tant modulus  transmission t5§efixed channel realization. 4-QAM signal constellatiod ZF-SIC detector
variance of the effective noise becomes data dependentudig fixed order of detection.

pragmatic approach is to still apply (20) with the assumptid

i.i.d. elements ofv with variances? given above. Simulation w’
results presented in the next section indicate that also in
this case the performance difference between DiffSIC and V-
BLAST is maintained.

VI. PERFORMANCERESULTS

In this section, we present a number of numerical results & 10"
to demonstrate the benefits of DiffSIC. Unless otherwise
specified, we assume & x 4 multiple-user system, where
M; = 4 different users share the up-link to a base station that
is equipped withM, = 4 receive antennas and employs ZF-

SIC. The channel coefficients are modeled as i.i.d. cirtular
symmetric complex Gaussian random variables. The SNR-axis —— Anabical
in the following figures refers to the SNR per antenna, i.e., ” : ‘ ‘ ‘ ’ ‘

10 -5 0 5 10 15 20 25

’Y/M — ESO'%(/O'Q SNR [dB]

. n-° . .
For t_he f|r3_t set of results, we consider a single Ch_anrﬁb. 3: Comparison of analytical and simulated SER performamesailts
realization to illustrate the accuracy of the error-ratalgsis for one fixed channel realization. 16-QAM signal constélatand ZF-SIC
and the potential of the DiffSIC algorithm. In particularew detector using fixed order of detection.

apply the randomly generated channel realization ¢(/—1)

0.32—0.17j —0.3140.05j 1.52—0.19] —0.7741.42; ; :
0784019) 0.8040.13] 0.14—0.67 —0.11+1.09] The SER calculation can be made much faster by adopt

H= 0.9440.42] 0.7640.26] 0234068 0.27—0.22j |- ing t.he Iow-complexity SER approximation introduced in
~0.63—0.80j —0.49—0.41j 0.10—0.88] —0.72—0.04j Section IV-A. Figure 4 compares the performance of our
SER approximation method from Table | (Method 1) to a
Figures 2 and 3 compare the individual SER results for theduced complexity SER calculation technique following th
four users obtained with the analysis from Section IlI-A tsuggestions in [13] (Method 2) in which error sequences with
those obtained through Monte Carlo simulation assumingearly errors are considered first. The figure shows the velati
fixed sequential order of detection. In Figure 2, we obserdeviation of the approximated SER from the actual SER for
that the simulation results perfectly match the calculategser 4 (detected last in the detection chain) for differddRS
SER values for all users when transmission with 4-QAM igalues. It can be observed that our algorithm achieves & tigh
assumed. In the case of the 16-QAM constellation in Figure SER approximation much faster than Method 2 while, at the
we note some discrepancies between analytical and simulatsame time, the number of error sequences that are explored
results, which are due to only considering errors betweénsignificantly reduced. For example, only 10% of the total
nearest-neighbor signal points in the error propagatiodeho number of error sequences is sufficient to bring down the
as devised in (6). However, it can be seen that this only @ffedeviation from the actual SER to about 5% at an SNR of
the SER analysis at high SER values and the discrepanci€sdB.
quickly diminish for low SERs usually of interest. For the Having confirmed the accuracy of the semi-analytical SER
sake of clarity, we show results for 4-QAM transmission iexpressions and the efficiency of the proposed approximatio
the following, but we note that the conclusions made aredvalive now shift our attention to the potential of the DiffSIC
for general QAM constellations. algorithm. To this end, Figure 5 shows the SER-curves for
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Fig. 4: Comparison of the efficacy of reduced complexity SERr@xip Fig. 6: Average SER performance comparison between DiffSIG %n
mations. SER approximation method from Table | (Method 1) andR SEBLAST. User priorities arec = [0, 0, 0, 1]. 4-QAM signal constellation and
approximation by considering error sequences with erroksvagr layers first ZF-SIC detector.

(Method 2). SER for user 4 is shown. The total number of errqusaces is

36 = 729. 4-QAM signal constellation and ZF-SIC detector.

" ‘ { { ‘ ‘ In the second set of results, we consider the average SER

p—5—p—p ' ' performance for fading channels. In Figure 6 we compare
the average SER for DiffSIC and V-BLAST. A number of
interesting conclusions can be drawn from this figure. First
for the case of equal priority users, it can be seen that [LffS
slightly outperforms the V-BLAST algorithm. This confirms
that the V-BLAST ordering is sub-optimal yet surprisingly
powerful given the low computational complexity it enjoys.
Second, for the case of users with unequal priorities, the
preferable treatment of the high priority user under Di@#SI
provides it with a clear advantage compared to V-BLAST,e.qg.
an SNR advantage of 4 dB at SER t§—3. Third, if four

SER
=
o,

10"

o VELAST ot oty s &) j \ parallel detection branches are used, each of which apghkes
TS DifSiC: high prioity (user 4 : DiffSIC optimal order for one of the users, then this 4 dB gain
& —— Dif ‘ow priority (users 1‘—3) : : : . . s
075 = o s m s over V-BLAST is achieved fomall users. The corresponding

SNR [dB]

SER curve in Figure 6 exactly coincides with the SER curve

Fig. 5: SER performance comparison between DiffSIC and V-BLA® one  for the high priority user in a single-branch DiffSIC detarct
fixed channel realization. User priorities ace= [0, 0, 0, 1]. 4-QAM signal

constellation and ZF-SIC detector. The SNR gains of DiffSIC over V-BLAST are also present
when MMSE-SIC detectors are used at the receiver. In Fig-
ure 7 we consider d x 4 system, where user 4 is the only
the same scenario as in Figure 2, but with ordering of usdtgh priority user and MMSE-SIC is used at the receiver. In
according to the channel realization (V-BLAST) and wittthis example, the high priority user enjoys an about 4 dB SNR
DiffSIC taking user priorities into account. In this exampl gain at SER=10~* when DiffSIC is employed instead of V-
user 4 is the only high priority user with a priority indicataf BLAST. As shown before, the full SNR gains accomplished
¢4 = 1. The other three users are best effort with priority levefor the high-priority user could be extended to all users if
settoc; = 0, 4 = 1,2,3. We observe that the high-priority Multiple detection chains were available at the receiver.
user enjoys a significant SER advantage of several orders ofMe now consider the incorporation of the algorithms in
magnitude under DiffSIC compared to V-BLAST. This advan¥ables | and Il from Section IV to reduce the computational
tage will reflect substantially on the user’s service exggae. complexity of DiffSIC. As before, the priority profile =
Certainly, these gains come at the expense of low priority, 0,0, 1] is chosen. Figure 8 shows the effect of using the
best effort users, whose performance degradation dependsS&R approximation from Table | in determining the order
the particular channel realization. For the example shawn of detection on the SER performance of the high priority
Figure 5 we observe that low priority users suffer a sub&thntuser compared to V-BLAST. It is clear that the more error
degradation compared to V-BLAST as a result of their lowequences are explored by the algorithm the wider the differ
class of service level. But the very purpose of DiffSIC is tentiation gap gets. However, we observe from Figure 8 theat th
enable theeceiverto prefer some users over others, accordingajor part of the gains is realized with only a small fraction
to priority assignments, and the accomplishment of thik taef the total number of error sequences being considerede Mor
is evidenced in Figure 5. specifically, we are able to attain almost the full advantaiye
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Fig. 7: Average SER performance comparison between DiffSI@ ¥ Fig. 8: Average SNR gain for high priority user with DiffSIGer V-BLAST
BLAST. My = M; = 4. User priorities arec = [0,0,0, 1]. 4-QAM signal when SER approximation according to Table | is used. Userifiéis are
constellation and MMSE-SIC detector. c=10,0,0,1]. 4-QAM signal constellation and ZF-SIC detector.

DiffSIC at only 10% of the computational complexity, which
is consistent with the SER results shown in Figure 4. Next, B R SRR
Figure 9 shows the SNR gains of the high-priority user for a s ‘_‘,A““""f . ; ;
target SER ofl0—3 as a function of sensitivity parametér BT T O U ey
and the maximal number of detection ordé¥s,.. Note that sk , L=l , i
the total number of orders {S\/; = 4)! = 24. We observe that Lot T e
already a good fraction of the maximal gain of about 3.9dB & ., _.-7" .

(see Figure 8) is achieved with relatively few orders. Even a
single order allows for notable gains of up to almost 2 dB. For
the considered priority profile = [0, 0,0, 1], the sensitivity
parametelS — 1 yields the best performance on average. This e ]
corresponds to pushing the high priority user to the end @f th ‘

SNR gain [dB]
~
T
\
AY
\
i

=

o
T

N
I

detection chain and V-BLAST ordering for lower layers whose o5 _ : N ‘ ‘ T S ordens|
order is then fixed in DiffSIC. e
The effect of the sensitivity parameter is more apparent 0s 058 0.999

Sensitivity parameter S

when multiple priority levels are present. We thereforespre
; : : - ; :Eig. 9: Average SNR gain for high priority user with DiffSIGer V-BLAST
in Figure 10 the same plot as in Figure 9 but with users hav"\l}:\ﬁen a reduced number of ordeM,ax is used according to Table Il vs

four different priority levels, namely: = [0,0.25,0.5,1]. It sensitivity parametess. User priorities arec = [0,0,0, 1]. 4-QAM signal
can be seen that a sensitivity parameiex S < 1 which constellation and ZF-SIC detector.

balances the effects of the channel quality and user prigrit

preferable. While the optimal value 6f changes with system

configuration, i.e., user prioritiee and maximal number of

orders Nmax, these values can be pre-calculated off-line ang\Rr shifts even for non-constant modulus transmission. In
assigned accordingly. Figure 12 we consider the single channel realizatiEh

The two approximation techniques proposed in this papgem the beginning of this section, and we show the SER
can also be used in combination to further reduce the coglerformance curves for V-BLAST and DiffSIC for a 16-QAM
putational complexity of DiffSIC. The 3-dimensional plat i transmission under the assumption of perfect and imperfect
Figure 11 shows the average SNR gains the high priority usgfannel estimation. For the case in which channel estimatio
achieves under DiffSIC over V-BLAST when both reducedrrors occur, we assume a transmit pilot sequence length of
complexity approximations are utilized. The figure clearly — 5 and the channell is a damped version of the channel
shows that by adopting both algorithms simultaneously we - 02 —o2 o .
can reduce the computational complexity substantiallyreit H such thatH = HTfAHH to maintain a variance of
loosing much on the SNR gains. We thus conclude thg, for the sumH + A H. The figure clearly shows how the
complexity-reduced DiffSIC is an attractive tool to accdisip  shifted version of the SER curves (according to (21)) under
user differentiation at the receiver in an up-link multipiger channel estimation errors coincide with the corresponding
system. SER curves under the perfect channel estimation assumption

Finally, we provide simulation results that support the usehus, the performance gap between V-BLAST and DiffSIC is
of the equivalent system model in (20) with appropriatmaintained regardless of the channel estimation quality.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. ?, NO. ?, MONTH YAR 10

25

vvvvvvvvvvvvvv
s
-

1 order
*Borders|. |
= = =6 orders

.....

- ~ = =9 orders

SNR gain [dB]

V-BLAST (P = ) v

- — - High Priority (P = oc) a !
— . — Low Priority (P = o0) \ \
O V-BLAST (P =5) - shifted : \

O High Priority
O Low Priority (P =5) - shifted
T T T T

= 5) - shifted

-05 ! : -4
0 0.9 0.99 0.999 10

Sensitivity parameter S

| |
0 2 4 6 8 10 12 14 16 18 20
SNR [dB]

Fig. 10: Average SNR gain for high prioriFy user with Diff_StI\‘/er V-BLAST Fig. 12: SER performance of DiffSIC and V-BLAST for perfed® (= )

when a reduced nurgb%r of ordefmay is usEd according to Table Il VS 5nq jmperfect p = 5) channel estimation (SNR for imperfect channel

s_ensﬁlvny palrlan_\ete .d ZsFerSﬁ;'?j”t'eS arec = [0,0.25,0.5,1]. 4-QAM estimation is shifted for proper comparison). One fixed chareaization

signal constellation an ) etector. with user priorities ofc = [0, 0,0, 1], 16-QAM signal constellation and ZF-
SIC detector.
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Fig. 13: Effect of signal bias on error probability of PAM sigs.

- users. We thus believe that DiffSIC is a powerful detection
0 cracton & tool to accomplish service differentiation and performanc
improvement in general.

Fig. 11: Average SNR gain for high priority user with DiffSkiver V-BLAST

when SER approximation according to Table | and a reduced nuofiloeders

Nmax is used according to Table I5(= 0.999). 4-QAM signal constellation APPENDIX

and ZF-SIC detector. DERIVATION OF ERRORPROBABILITY EXPRESSIONS FOR

ZF-SIC PAM SGNALS

The effect of error propagation (see (6)) in ZF-SIC can
be viewed as a signal bias that can affect the way error
In this paper, we have introduced the new Differentiatgatobabilities are calculated for PAM signals in Additive Wéhi
Successive Interference Cancellation (DiffSIC) ordefiegh- Gaussian Noise (AWGN) channels. Because of this signal bias,

nigue for up-link multiple-user systems. DiffSIC relies thre the error probability to the left side of the signal constidin
SER evaluation for ZF-SIC and MMSE-SIC, for which wepoint is different from the error probability to the rightsi of
have presented semi-analytical expressions, to find ther ofd it. These probabilities become identical if no error progiam
detection that best fits the users’ needs. We have also peelsemwas present. See Figure 13 for an illustration of these two
an SER approximation method, which is interesting in its owdlifferent probabilities.

right and helps to achieve the differentiation gains with re For each one of thd, — 2 inner signal points, the error
duced computational complexity. In addition, we have da¥is probability to the left and to the right of the signal poinear

a heuristic ordering algorithm to be used with DiffSIC, whic

VII. CONCLUSION

takes channel quality and user priorities into account. Aleeh PM = w (22)
shown numerical and simulation results which demonstrate 0?/2

that DiffSIC is capable of differentiating users accorditogy g

their class of service. In particular, DiffSIC improves tBER ) _ 0 dmin/2 — Bias 23)

performance of high-priority users significantly compated T/Z )
those achieved with V-BLAST receivers. Furthermore, iffDif

SIC is applied in combination with multiple detectors, #esrespectively. For the right most signal point, onB(!) is
SER performance enhancements can be realized for multipdéevant, while for the left most signal point, onl§®) is
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relevant. Thus the average SER can be written as [21] V. Kostina and S. Loyka, “On optimum power allocation five V-
BLAST,” IEEE Trans. Commun., vol. 56, no. 6, pp. 999-1012, Jun.
P= L{L-1)PO 4 (L—1)P® 2008.
- (L-1) +(L-1) [22] J. Giese and M. Skoglund, “Space-time constellatiorigietor partial
L—1 CSlI at the receiver,1EEE Trans. Inform. Theory, vol. 53, no. 8, pp.
= (P(U + P(Q)) (24) 2715-2731, Aug. 2007.

i—1 M,
Substituting Bias= )" bire, ando® = Y f7o for ZF-SIC,

k=1 j=1
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