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Abstract— In this paper we study the effects of carrier
freq uency offset (C F O ) on the perform ance of a V ertical
B ell L ab s L ayered S pace-T im e (V - B L A S T ) orthog onal
freq uency m ultiplex ing ( O F D M ) system . It is shown that
C F O introduced intercarrier interference (IC I) can cause
sig nifi cant perform ance deg radation. IC I m ak es initial
sig nal detection unreliab le and introduces error propag a-
tion for the sub seq uent interference cancellation stag es in
the V - B L A S T alg orithm . A n IC I cancellation m ethod to
im prov e the error perform ance is proposed which uses
the initial data estim ated. F or the uncoded system used
in the sim ulations, the techniq ue is effectiv e in reducing
the sym b ol error rate at hig h sig nal-to-noise ratio v alues.

I. IN TR ODU C TION

R ap id g row th in commu nications and internet d e-
mand s th e u s e of reliab le w ireles s link s w ith larg e
b and w id th cap acity . A tech niq u e w h ich p romis es h ig h
d ata rates is th e Vertical Bell Labs Layered Space-Time
(V-BLAST) arch itectu re. Orth og onal freq u ency d iv is ion
mu ltip lex ing (OFDM) is rob u s t ag ains t freq u ency s elec-
tiv e fad ing and p rov id es relativ ely s imp le receiv er imp le-
mentation. H ence th e u s e of V-BLAST w ith OFDM lead s
to p romis ing nex t g eneration w ireles s commu nication
ap p lications [ 1 ]–[3 ] .

OFDM is s ens itiv e to intercarrier interference (IC I)
d u e to carrier freq u ency offs et ( C FO) and Dop p ler
s h ift [ 4 ] , [ 5 ] . C FO, th e d ifference b etw een th e carrier
and receiv er local os cillator freq u ency introd u ce rotation
for th e u s efu l s ig nal and IC I, w h ich cau s e los s of orth og -
onality among th e d emod u lated OFDM s u b carriers . IC I
d u e to C FO cau s es s ig nificant b it error rates , low d ata
th rou g h p u t and h as a neg ativ e imp act on th e s y s tem p er-
formance b ecau s e it red u ces th e s ig nal-to-interference-
p lu s -nois e ratio (SIN R ) . R eference [6 ] p res ents an IC I
analy s is on MIMO-OFDM d u e to time v ary ing ch ar-
acteris tics of th e ch annel and h as s h ow n th at IC I is
accentu ated in th e p res ence of mu ltip le antennas . A
limited analy s is on th e p erformance of a V-BLAST
OFDM s y s tem w ith C FO w as p res ented in [7 ] u s ing a
6×4 antenna config u ration. Mos t p ap ers as s u me p erfect
freq u ency s y nch roniz ation for V-BLAST s ig nal d etection
and to ou r b es t k now led g e th e d eg rad ation is s u es h av e
not b een p rop erly ad d res s ed s o far.
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In th is p ap er th e p erformance of a V-BLAST OFDM
s y s tem in th e p res ence of C FO is cons id ered . V-BLAST
imp lements a s u cces s iv e interference canceling receiv er,
w h ere th e s ig nal is s p atially eq u aliz ed on a lay er b as is .
OFDM d ata s y mb ols s ent th rou g h each ind iv id u al trans -
mit antenna is referred to as a lay er in th e V-BLAST
s y s tem. Th e d ecod ing ord er op timiz es th e max imu m p os t
s ig nal-to-nois e ratio (SN R ) for all lay ers and is cru cial
in controlling th e error p rop ag ation th rou g h ou t th e lay er
d etection p roces s [ 8 ] , [ 9 ] . Th e IC I d u e to C FO mak es
th e s ig nal es timation ev en more u nreliab le. W e s tu d y
th e error p rop ag ation and th e amou nt of C FO tolerab le
for a g iv en s y mb ol error rate (SE R ) b y v ary ing th e
normaliz ed C FO. Alth ou g h recent p u b lications p res ent
d es ig n and imp lementation d etails on MIMO-OFDM
s y s tems [1 ] , [ 1 0 ] mu ch w ork s till need s to b e d one
on d ev elop ing efficient s y nch roniz ation alg orith ms . Th e
analy s is p res ented in th is p ap er s h ow s th e neces s ity
of s u ch alg orith ms in ord er to imp lement h ig h d ata
th rou g h p u t V-BLAST OFDM s y s tems .

W e als o p res ent d etails of a d ecis ion d irected IC I
cancellation tech niq u e. Initially es timated d ata s y mb ols
are u s ed to s u b tract th e IC I from th e remaining d ata
s y mb ols .

Th e remaind er of th is p ap er is org aniz ed as follow s .
In Section II w e p res ent th e V-BLAST OFDM s y s tem
mod el. Section III p res ents an IC I analy s is d u e to C FO
and its imp act on V-BLAST s ig nal d etection. IC I miti-
g ation is d is cu s s ed in Section IV and s imu lation res u lts
are p res ented in Section V. Finally Section VI conclu d es
th e p ap er w ith s ome remark s .

II. V-BLAST OFDM SY STE M MODE L

W e cons id er a V-BLAST OFDM s y s tem w ith T

trans mit and R receiv e antennas and as s u me p erfect
ch annel s tate information is av ailab le at th e receiv er.
Trans mit p ow er is allocated u niformly th rou g h ou t th e
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space-frequency grid. Fig. 1 shows the basic block dia-
gram of a V-BLAST OFDM system. At the transmitter
incoming bits are multiplexed to T transmit antennas,
serial/parallel converted, mapped onto a modulation con-
stellation. Following passing through an inverse discrete
Fourier transform (IDFT) a cyclic prefi x is inserted
before upconverting to a radio frequency and transmitted
to the channel.

Let x[n] denote the discrete time T × 1 transmitted
OFDM signal vector and y[n] be the received R × 1
signal vector. We assume a wideband frequency selective
channel. Hence the received signal y[n] can be expressed
as

y[n] =

P−1
∑

p= 0

H̃px[n− l] (1)

where the complex R× T matrix H̃p represents entries
from the lth tap. H̃p contains circularly symmetric Gaus-
sian variables with zero mean and variance σ2

p, where
σ2

p is derived from the channel power delay profi le. The
entries within the matrix H̃p can be correlated, however
elements of H̃p due to different propagation paths are
assumed to be uncorrelated. The cyclic prefi x length is
assumed to be greater than the channel memory.

The received signal is converted to frequency domain
using a DFT. Hence the decision symbol at the output
of the DFT is given by

Y(k) = H(k)X(k) + N(k) (2)

where X(k) = [X
(0 )
k , X

(1)
k , · · · , X

(T−1)
k ]t, X

(i)
k denotes

the kth OFDM symbol transmitted from ith antenna, (.)t

is the matrix transpose and k = 0 , 1, · · · , N − 1. N

is the total number of OFDM subcarriers and N(k) is
the additive white Gaussian noise (AWGN) for the kth
subcarrier with variance E

{

N(k)N†(k)
}

= σ2
nIR. E(·)

is the expectation operator, IR is the R × R identity
matrix and (·)† is the conjugate transpose of a matrix.
In (2), the frequency domain channel transfer function
is written as

H(k) =

P−1
∑

p= 0

H̃pexp
(

j2π p k

N

)

(3)

Note that from (2), OFDM converts the wideband MIMO
channel into a set of N parallel narrow band channels.
Hence the V-BLAST algorithm can now be applied per
subcarrier basis [2]. V-BLAST uses a nonlinear detection
scheme. The signal is multiplied with a fi lter matrix G

and detected per layer basis. Assume that ith layer has
the maximum SNR after linear interference cancellation.
This is the layer where ith row of the matrix G has the
minimum Euclidean norm. The symbol decision statistic
in the ith layer can be expressed as,

X̂ = G (HX + N) (4)

For notational simplicity we have dropped subcarrier
index k from (4). A zero forcing (Z F) based solution

was reported in [9].

G = GZ F = (HHH)−1HH (5)

Correct ordering of the layers is signifi cant in con-
trolling the error propagation throughout the detection
process [11]. Initial detection stages will govern the
overall performance that can be achieved with a V-
BLAST OFDM system.

A. V-BLAST Detection Algorithm

The algorithm presented below [9] describes the V-
BLAST detection steps.

Initializ ation:
i← 1 (6a)

Y1 = Y (6b)

G1 = (H)+ (6c)

k1 = arg min j | | (H
+)j | | (6d)

I teration:
Wki

= (Gi)ki
(6e)

Zki
= Wki

Yi (6f)

X̂ki
= Q(Zki

) (6g)

Yi+1 = Yi − X̂ki
[H]ki

(6h)

Gi+1 = ([H]k̄i
)+ (6i)

ki+1 = arg min j /∈ { k1,...,ki} | | (Gi+1)j | | (6j)

i← i + 1 (6k)

where notations (·)+, ‖ ·‖ , (·) denote the pseudo inverse
of a matrix, norm of a vector and jth row of a matrix.
[·]j is the jth column of a matrix, Q(·) is the estimation
operation, x̂ is the decision on x and [·]k̄i

is the matrix
generated by nulling the column ki.

III. EFFECT OF CFO ON V-BLAST DETECTION

The received OFDM signal for the kth subcarrier after
DFT processing in the presence of CFO (T = R = 1)
is given by,

Y (k) =
1

N

N−1
∑

n= 0

y(n)e
−j2πkn

N + N(k) (7)

=
1

N

N−1
∑

n= 0

e
j2πε n

N

N−1
∑

l= 0

H(l)X(l)e
2π(l−k)n

N + N(k)

=
1

N

N−1
∑

l= 0

H(l)X(l)S(l − k) + N(k)

Discrete time domain OFDM signal y(n) is multiplied
by the factor ej2π nε / N in (7) to represent the CFO effect.
ICI coeffi cients S(k) are given by,

S(k) =
1

N

N−1
∑

n= 0

e
j2πnε

N .e
−j2πkn

N (8)
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2: Real, imaginary and absolute components of the complex weighting
factors S(k) for N = 16 and ε = 0 .1.

Eq. (7) can be rearranged as

Y (k) = S(0)H(k)X(k)+
N−1∑

l=0, l 6=k

S(l − k)H(l)X(l)

︸ ︷ ︷ ︸

ICI

+N(k)

(9)
An expression for S(k) follows by summing the geo-
metric series in (8).

S(k) =
sin π(k + ε)

Nsin π
N (k + ε)

exp
[

jπ(1−
1

N
)(k + ε)

]

(10)

and

S(0) =
sinc(ε)

sinc(ε/N)
exp

(

jπ(1−
1

N
)ε

)

(11)

Modulated symbol for kth subcarrier is attenuated and
rotated by the common phase error (CPE) S(0). ICI is
denoted by the second term in (9) which causes loss
of orthogonality among the received subcarriers. The
average SINR for the kth subcarrier, Ψ (k) without CPE
correction is given by

Ψ (k) =
|H(k)X(k)S(0)|2

E







∣
∣
∣
∣
∣

N−1∑

l=0, l 6=k

S(l − k)H(l)X(l)

∣
∣
∣
∣
∣

2






(12)

When SNR is high, the achievable system SER perfor-
mance in the presence of CFO is governed by SINR.

Fig. 2 shows the ICI coeffi cients S(k) for the case
of ε = 0.1 and N = 16. There are only N distinct
coeffi cients as the values depend on the distance mod N
between the subcarriers. Also note the rapid roll-off of
the coeffi cients meaning that for a given kth subcarrier
the ICI power is mostly concentrated on a few adjacent
subcarriers. Hence only a small number of signifi cant ICI
terms will influence the subcarrier to be decoded [12].

In the case of T transmit and R receive antennas (9)

can be easily modifi ed.

Y(k) = diag{S(0)}H(k)X(k) (signal) (13)

+
N−1∑

l=0,l 6=k

diag{S(l − k)}H(l)X(l) + N(k) (ICI)

= diag{S(0)}H(k)X(k) + Z(l) + N(k) (noise)

where S(0) is a R × R diagonal matrix and Y(k) is
the kth subcarrier received signal R× 1 vector. Y(k) =

[Y
(1)
k , Y

(2)
k , ..., Y

(R)
k ]t. We have assumed that all receive

antennas have the same CFO [1]. Equation (13) can be
expressed in a simple matrix form by stacking all the
received subcarrier signals.

Y = SH̄X + Ñ (14)

where Y given by Y = [Yt(0),Yt(1), ...,Yt(N −
1)] is a RN × 1 column vector, Ñ =
[Nt(0),Nt(1), ...,Nt(N − 1)] and H̄ is a NR × NT
block diagonal matrix.

H̄ = diag{H(k)} (15)

and S is given by

S =








diag{S0} diag{S1} . . . diag{SN−1}
diag{SN−1} diag{S0} . . . diag{SN−2}

...
...

. . .
...

diag{S1} diag{S2} . . . diag{S0}








(16)
ICI term in (13) vanishes for perfect frequency synchro-
nization (i.e., ε = 0) and the matrix S equals INR×NR.

Note that in the presence of multiple antennas with
CFO, Y(k) consists both of intercarrier and interantenna
interference as denoted by the matrix Z(l). The covari-
ance matrix of Z

′

(l) = E[Z(l)Z†(l)] can be written as

E







N−1∑

m=0
l 6=k

N−1∑

l=0
l 6=k

Ω (m− k)H(m)X(m)X†(l)H†(l)Ω †(l − k)







(17)
where Ω (m − k) = diag{S(m − k)} and Z

′

(l) can be
further simplifi ed by following a similar approach to that
of [6].

N−1∑

m=0
l 6=k

N−1∑

l=0
l 6=k

E[Ω (m− k)H(m)σX X H†(l)Ω †(l− k)] (18)

In (18) σX X = diag{σ1, σ2, ..., σT } are the eigenvalues
of the matrix E{X(m)X†(l)}. Employment of multiple
antennas increase ICI (due to CFO) compared to that of
single-input single-output systems as seen from above
analysis. This was also reported for the case of time
varying channels in [6]. When the underlying MIMO
channel is spatially correlated the effects of ICI can be
more signifi cant.
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3: Symbol error rate versus Eb/N0 for various ε. N = 64 an d
4- Q A M . C P E w as n ot c orre c te d .

E ffe c ts of C F O for th e B L A S T d e te c tion alg orith m
c an n ow b e e x p lain e d as follow s. A t th e re c e ive r d e -
te c tion is p e rform e d p e r sub c arrie r b asis [1 ] , [ 2 ] . A s
se e n from ( 1 3 ) w ith C F O , Y(k) is affe c te d b y I C I
in ad d ition to A W G N an d m ak e s sig n al d e te c tion an d
n ullin g e ve n m ore un re liab le at th e in itial d e c od in g
stag e s. S ig n ifi c an t e rror p rop ag ation c an re sult th roug h
th e sub se q ue n t in te rfe re n c e c an c e llation ste p s c ausin g
se ve re S E R d e g rad ation for th e up p e r lay e rs. F ig . 3
sh ow s th e S E R p e rform an c e ag ain st Eb/N0 for d iffe re n t
n orm aliz e d C F O value s in th e c ase of a 2×2 V - B L A S T
O F D M sy ste m . C P E w as n ot c orre c te d . F or c om p arison
c ase w h e re ε = 0 is also sh ow n . W ith in c re asin g ε th e
total S E R in c re ase s c le arly sh ow in g th e in flue n c e of IC I .
A t high S N R sy ste m p e rform an c e c urve s e x h ib it an e rror
floor.

F ig . 4 sh ow s th e e rror p rop ag ation re sults w ith d iffe r-
e n t value s of C F O . C P E w as c orre c te d b e fore d e c od in g .
“F irst lay e r” sh ow n in F ig . 4 is th e lay e r d e c od e d fi rst
afte r op tim um re -ord e rin g . C le arly h ig h value s of C F O
c ause th e e rror rate p rob ab ility for th e fi rst lay e r to in -
c re ase . N ote th e d iffe r e n c e b e tw e e n th e e rror rate s of th e
fi rst an d th e se c on d lay e r also in c re ase s for larg e ε. I C I
h as a sig n ifi c an t im p ac t on th e e rror p rop ag ation ac ross
th e lay e rs. F or h ig h C F O value s, th e S E R d e g rad ation in
th e top lay e rs are se ve re ly g ove rn e d b y th e e rrors in th e
in itially d e c od e d lay e r.

I V . I C I M I T I G A T I O N

I n th is se c tion w e in ve stig ate a p ossib le low c om -
p le x ity I C I m itig ation te c h n iq ue . T h e e x istin g alg orith m
m ust b e m od ifi e d tak in g I C I in to c on sid e ration w h e n
in te rfe re n c e c an c e llation is p e rform e d . O n e c an use a
join t in te ran te n n a an d in te rc arrie r in te rfe re n c e te c h n iq ue ,
h ow e ve r suc h a m e th od is c om p utation ally in te n se in
b oth th e n um b e r of an te n n as an d th e n um b e r of sub c ar-
rie rs. A n oth e r ap p roac h is to c on sid e r th e ad d ition al I C I
te rm as an in te rfe re n c e sourc e an d c arry out a sp atial
d om ain Z F or m in im um m e an sq uare e rror sup p re ssion
[ 6 ] .
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4: E rror p rop ag ation for lay e rs d e te c te d fi rst an d se c on d in a 2 × 2

V - B L A S T O F D M sy ste m . C P E w as c orre c te d b e fore d e c od in g .

D e tails of a te c h n iq ue b ase d on d e c ision d ire c te d
sy m b ol e stim ation an d I C I c an c e llation is p re se n te d in
th e follow in g . N ote th at I C I m atrix is m ostly d iag on ally
d om in an t. T h is m e an s th at on ly fe w ad jac e n t sub c arrie rs
w ill affe c t th e d e te c tion for th e sub c arrie r of in te re st.
H e n c e w e use th e V - B L A S T alg orith m to d e te c t th e
kth sub c arrie r sy m b ols for all R lay e rs. T h e se a s s u m e d
c orre c t sy m b ols are th e n sub trac te d from th e ad jac e n t
Y(k)s to re d uc e th e I C I . I t is e x p e c te d th at w ith p e rfe c t
sy m b ol n ullin g , d e te c tion p roc e ss for th e sub se q ue n t
stag e s w ill im p rove c om p are d to a te c h n iq ue w ith out
usin g e stim ation an d n ullin g . F or e stim ate d sy m b ol
fe e d b a c k w e c an use a sc h e m e w h e re d ata sy m b ols are
d e te c te d an d sub trac te d im m e d iate ly . A n oth e r p ossib le
ap p roac h is to in itially e stim ate a b loc k of d ata sy m b ols
follow e d b y c an c e lin g th e e stim ate d I C I in p aralle l. T h is
save s som e c om p utation al c om p le x ity in th e sub trac tin g
ste p . T h e follow in g alg orith m d e sc rib e s th e ite rative
m e th od .

A . D e c is io n D ir e c te d I C I C a n c e lla tio n

S te p 1 : P artition th e O F D M N sub c arrie rs in to a se t
of G g roup s.

S te p 2 : F or a g roup G, tran sm itte d d ata in th e kth
sub c arrie r are d e te c te d usin g th e V - B L A S T alg orith m .

S te p 3 : F or th e (G + 1 )th g roup d ata e stim ation ,
in ad d ition to c on ve n tion al d ata d e te c tion an d n ullin g
th e e stim ate d I C I d ue to th e p re vious g roup s are also
c an c e le d .

N ote th at if d ata sy m b ols c an b e d e te c te d w ith out e r-
rors at Gth g roup , th e n sig n ifi c an t I C I for (G+ 1 )th g roup
c an b e p e rfe c tly sub trac te d . A fte r all N sub c arrie rs on
th e lay e rs are d e te c te d furth e r S E R im p rove m e n t c an b e
ob tain e d b y sub trac tin g e stim ate d sub c arrie rs in p aralle l.
H ow e ve r for an un c od e d sy ste m th is ap p roac h m ay n ot
b e ab le to p rod uc e sig n ifi c an t p e rform an c e im p rove m e n t
d ue to e rror p rop ag ation ac ross th e lay e rs an d g roup s.
I n a c od e d V - B L A S T sy ste m , I C I c an c e llation usin g
th is te c h n iq ue c an p rom ise b e tte r re sults as in itial d ata
e stim ate s are m ore re liab le . T h is h as b e e n th e m otivation

7 6
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5: SER performance for the ICI mitigation method. CPE was corrected
before decoding.

of the work in [1] without the proposed ICI cancellation
step.

V. SIMU LATION RESU LTS

We have considered an uncoded 2 × 2 V-BLAST
OFDM system using 4-QAM modulation and N =
6 4. Eb/N0 was defi ned to be T /log

2
(M)σ2

n
. Power

delay profi le of the channel is exponential and taps
are uniformly distributed in OFDM sample spacing.
Cyclic prefi x length was set to 6 (in OFDM samples).
The impulse response of the channel was assumed to
be constant during one OFDM frame, and variant for
different frames.

Fig. 5 shows the total SER performance against
Eb/N0 for various ε for the proposed ICI cancellation
method. The dotted lines represent the result where no
ICI mitigation was employed. Group size u was set to
4. The mitigation technique is effective in high SNR
conditions where most of the initially detected signals
are correct. When ε is small there is no clearly seen
performance improvement with the proposed scheme.
However when ε is large the mitigation method shows a
better SER performance.

Fig. 6 shows the total SER performance for a fi xed ε =
0.1 with varying group sizes of 2 and 4. A larger group
size means the ICI cancellation is effective if already
detected OFDM subcarriers are correct. Simulation re-
sults not presented showed no performance improvement
for group sizes greater than 4. This observation can be
attributed due to two reasons. The uncoded system even
at high SNR can produce detection errors and this can
propagate in the ICI cancellation step. Another reason is
that most of the signifi cant ICI contributions are due to
the neighboring subcarriers and subtracting further terms
does not have an impact on the SER performance.

VI. CONCLU SIONS

We have analyzed the CFO errors and the resulting
system degradation in a V-BLAST OFDM system. Sym-
bol detection at symbol estimation and nulling steps
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CPE was corrected before decoding.

becomes unreliable due to ICI. Hence error propagation
in the V-BLAST algorithm can lead to poor system
performance. For a 2 × 2 system simulation results
showed that with CFO increasing the SER difference
between layer detected fi rst and second increases.

An ICI mitigation method was also proposed. Initial
data estimated is subtracted in a decision directed way
from the data to be decoded. Results showed that the
proposed method is capable of mitigating ICI effects
and thereby improving the system SER performance. For
coded V-BLAST OFDM systems there exists a variety
of decoding approaches to limit the ICI effects.
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