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Abstract—In broadband orthogonal frequency division mul-
tiplexing (OFDM) systems, accurate channel state information
(CSI) is required to support coherent detection and diversity
combining. However, it is indeed challenging for channel esti-
mation in real systems since some tones are nulled to ease the
implementation of spectral masking filters. We propose a novel
channel estimation scheme which can solve the leakage caused by
virtual tones (VTs) via effective energy compensation and partial
refinement with no extra computational complexity. Additionally,
the proposed scheme works well with different allocations of
various VTs, and hence applicable for hardware realization.
Simulation results validate that the proposed method is efficient
to combat the leakage, and also robust to the existence of VTs.

I. Introduction

The next generation wireless communication systems re-
quire a higher data rate to support various multimedia appli-
cations. Orthogonal frequency division multiplexing (OFDM)
stands as a promising choice to meet this requirement [1] and
it has been adopted in the emerging standards, such as IEEE
802.16.m [2] and the 3rd Generation Partnership Project Long
Term Evolution Advanced (3GPP LTE-A) [3].

Precise channel state information (CSI) is critical for co-
herent demodulation. A tremendous amount of work [4], [5]
went into channel estimation techniques for broadband OFDM
systems. These literature assumed that the systems were fully
loaded, i.e., all the tones were modulated. However, in most
practical OFDM systems, some tones are turned off to avoid
interference with adjacent system and to ease the implementa-
tion of spectral masking filter. In the presence of these nulled
tones, also referred to as virtual tones (VTs), information of a
portion of pilots cannot be acquired, and hence degrades the
performance of channel estimation significantly. To combat
the negative effects caused by VTs, iteration-based algorithms
were proposed in [6], [7]. A pre-set threshold was adopted in
[6] to detect significant paths and channel frequency responses
(CFRs) were interpolated for VTs. The author of [7] sought
to improve the channel estimation accuracy by co-channel
interference cancellation with iterations.

Unfortunately, sophisticated processing, e.g., the aforemen-
tioned iterative operation, also introduces a higher complexity
into channel estimators. In this paper, we propose an enhanced
discrete Fourier transform based (DFT-based) channel esti-
mation scheme to achieve a good performance yet with low
complexity. From theoretical analysis, one can see clearly that

the energy leakage disperses all over the tones and especially
for those activated tones (ATs) close to VTs. Aiming to
overcome these negative effects caused by VTs, we introduce
a novel channel estimation method: energy compensated DFT-
based channel estimation with partial refinement (ECDFT-
PR). A mirror-symmetric energy compensation is conducted to
create artificial CFRs for virtual pilots (VPs), taking advantage
of the high correlation of CFRs for tones close to each other.
A linear transform for smoothing is then performed in the
time-domain to reduce the noise. After the DFT-interpolation,
estimation results are transformed back to the frequency-
domain. In particular, we refine a part of CFRs for ATs close
to VTs appropriately to improve the overall channel estima-
tion performance. Besides, analysis shows that the proposed
scheme requires a very low computational complexity and thus
suitable for hardware implementation in practical systems.

The rest of the paper is structured as follows: Section II
depicts the system model. A theoretical analysis of the DFT-
based channel estimation is given in Section III. The proposed
algorithm is described and the complexity issue is addressed
in Section IV. Simulation results under cases of different
quantities and allocations of VTs are reported in Section V.
Finally, a conclusion is drawn in Section VI.

II. OFDM SystemModel

In this contribution, we consider a broadband OFDM sys-
tem. The system employs N tones, which consist of Nat ATs
and Nvt VTs (N = Nat + Nvt). ATs are used for data and pilot
transmission whereas other tones on the edge of the spectrum
are nulled. Furthermore, some tones might also be nulled if
their frequencies are known to experience strong interferences.

The channel between the transmitter and the receiver is
assumed to be block Rayleigh-fading and remains constant
during an OFDM symbol. Therefore, the channel impulse
response (CIR) can be written as

h(n) =
L−1∑
l=0

αlδ(n − τl), (1)

where L denotes the number of paths, the l-th path gain αl is
complex Gaussian random variable with zero mean and unit
variance. τl represents the corresponding path delay. All the
channel taps are assumed to be uncorrelated.
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Fig. 1. Pilot allocation with VTs located in both LFGB and HFGB.

At the receiver, with perfect synchronization and OFDM
demodulation, the frequency-domain symbol is formulated as

Y(k) = X(k)H(k) +W(k), k = 0, 1, ... , N − 1, (2)

where X(k), H(k), W(k) denote the transmitted signal, the
channel coefficients and the additive white Gaussian noise
(AWGN) with zero mean and variance of σ2

w, respectively.
In order to support channel estimation, pilot symbols are

transmitted along with data. And Fig. 1 illustrates the pilot
allocation in an OFDM symbol with VTs existed. As shown,
the N tones can be classified into two activated sets (DL, DR),
as drawn in solid lines, and four virtual sets (LL,HL,HR, LR),
as drawn in dashed lines. And the six tone sets correspond
to the left payload data band (PLDB), right PLDB, left low
frequency guard band (LFGB), left high frequency guard band
(HFGB), right HFGB, and right LFGB, respectively. In real
broadband systems, e.g., with a bandwidth of 100 MHz, inter-
mediate frequency (IF) sampling will incur the need to employ
expensive high-speed analog to digital converter (ADC). As a
result, the baseband sampling is a cost-effective alternative for
IF sampling. However, for the baseband sampling, some low
frequency tones near the direct current (DC) tone are nulled
due to the imperfectness of low-pass filter and coupling in
radio frequency (RF) components. Therefore, pilots in LL,
HL, HR and LR are reserved as VPs. Assuming that the pilot
spacing is Δρ and Λ(·) represents the equidistant PTs position
in an OFDM symbol. Let NL

P and NR
P denote the number of

activated pilots (APs) inDL andDR, respectively. NLFL
P , NHFL

P ,
NHFR

P and NLFR
P represent the number of VPs in LL, HL,

HR and LR, separately. Therefore, the total number of PTs
NP = NLFL

P + NL
P + NHFL

P + NHFR
P + NR

P + NLFR
P . As shown in

[8], [9] that equispaced PTs are optimal in terms of the mean
square error (MSE) of channel estimation for OFDM systems.
However, in the presence of VTs, certain tones consequentially
fall into the nulled spectrum and the equidistant prerequisite
fails to be met. Those unobtainable CFRs degrade the DFT-
based channel estimation performance considerably.

III. Theoretical Analysis ofMSE performance of the
DFT-Based Channel Estimation and Energy Leakage

A. MSE performance of the DFT-Based Channel Estimation

In the presence of VPs, only CFRs on APs can be obtained.
Stemming from Eq. (2), the least square (LS) estimation,
which is the initial estimation for the DFT-based channel

estimation, can be expressed as

Ĥ vpLS (k) =

{
XH

P (k)YP(k) = HP(k)+WLS (k) , k ∈ DL ∪ DR,
0 , k ∈ others .

(3)

where XP denotes the NP × NP diagonal matrix containing
the transmitted pilots, satisfying XH

P XP = INP . INP represents
the identity NP × NP matrix and {·}H stands for the conjugate
transpose. YP is the receiving vector on PTs and HP stands
for the true CFRs vector for PTs. WLS =XH

P W denotes the LS
estimation error.

Eq. (3) can be viewed as band-pass filtering the original LS
estimation and thereby can be reformulated in matrix form as

Ĥ vpLS = HP −Hvp +WLS , (4)

where Hvp represents the true CFRs for VPs, i.e., only con-
sidering the nonzero values on VPs.

A noise reduction transform S is performed on the LS
estimation in the time-domain, where the channel power
concentrates on a relatively small number of taps (signifi-
cant paths). S contains only the L significant paths whereas
other taps are treated as noise and ignored. After the DFT-
interpolation, estimation results are transformed back to the
frequency-domain, yielding

Ĥ vtDFT = F̃SQĤ
vp
LS = F̃SQ(HP −Hvp +WLS )

= H + F̃SQ(WLS −Hvp), (5)

where F̃ is the truncated matrix of the DFT matrix F and
has entries of F̃m,n = exp[− j2π(m−1)(n−1)

N ], m = 1, 2, ...,N, n =
1, 2, ...,NP. S is a diagonal NP × NP matrix whose diagonal
elements corresponding to the L significant paths are set to 1,
otherwise 0. The inverse DFT (IDFT) matrix Q has entries of
Qm,n =

1
NP

exp[ j2π(m−1)(n−1)
NP

], m, n = 1, 2, ...,NP. H denotes the
true CFRs on all the N tones.

In the presence of VTs, the orthogonality of DFT-IDFT
processes is lost. Leakage spreads across the channel taps,
resulting in severe performance degradation and the channel
estimation error ΔH is

ΔH = F̃SQ(WLS −Hvp) = Ã(WLS −Hvp) = ÃWLS − Ileak, (6)

where Ã = F̃SQ and Ileak stands for the energy leakage
over the channel taps. Eq. (6) manifests the estimation error
consisting of noise and leakage. The auto-covariance matrix
of the estimation error and the average MSE are given as
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Rwith vt
ΔHΔH = E{ΔHΔHH}

= σ2
wÃÃH + ÃRHvpHvp ÃH , (7)

MSE =
1
N

tr{Rwith vt
ΔHΔH}

=
L
N
σ2
w +

1
N

tr{ÃRHvpHvp ÃH}, (8)

where RHvpHvp represents the auto-covariance matrix of CFRs
on VPs. The normalized entries of the auto-covariance matrix
of HP (CFRs on PTs) can be derived as

E{HP(m)HP
∗(n)} =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1 ,m=n,

1
L

sin[ π(n−m)L
NP

]

sin[ π(n−m)
NP

]
exp[ jπ(n−m)(L−1)

NP
] ,m�n.

(9)

Utilizing the results from Eq. (9), entries of RHvpHvp in Eq. (8)
can be calculated and the MSE performance can be evaluated.

Fig. 2 shows the numerical results of the MSE analyzed
above. It is seen that the MSE performance of ATs close to
VTs is severely affected. In particular, the performance of these
edge tones can be even worse than that of the LS estimator.

B. Energy Leakage Analysis

Based on the analysis above, the DFT-based channel esti-
mator performance degrades significantly owing to the energy
leakage. Here, we further investigate the leakage shown in Eq.
(6). The energy leakage on the k-th tone can be derived as

Ileak(k) = ÃkHvp

=
1

NP

L−1∑
n=0

e− j 2π
N nk

NP−1∑
m=0

Hvc(m)e j 2π
NP

mn
, (10)

where Ãk represents the k-th row of Ã. Since VPs are located
in LL,HL,HR and LR, the leakage can be split into four items

Ileak1(k)= 1
NP

NLFL
P∑

l1=1
H(Λ(NB1 − l1))Θ1(k, l1)e jπ(L−1)(

NB1−l1
NP
− k

N )
,

Ileak2(k)= 1
NP

NHFL
P∑

l2=1
H(Λ(NB2 + l2))Θ2(k, l2)e jπ(L−1)(

NB2+l2
NP
− k

N )
,

Ileak3(k)= 1
NP

NHFR
P∑

l3=1
H(Λ(NB3 − l3))Θ3(k, l3)e jπ(L−1)(

NB3−l3
NP
− k

N )
,

Ileak4(k)= 1
NP

NLFR
P∑

l4=1
H(Λ(NB4 + l4))Θ4(k, l4)e jπ(L−1)(

NB4+l4
NP
− k

N )
,

(11)

and uniformly we denote

Θi(k, li) =
sin[πL( NBi+(−1)ili

NP
− k

N )]

sin[π( NBi+(−1)ili
NP

− k
N )]

, i = 1, 2, 3, 4, (12)

where NB1 = NLFL
P , NB2 = NLFL

P + NL
P − 1, NB3 = NLFL

P + NL
P +

NHFL
P + NHFR

P , NB4 = NP − NLFR
P − 1. Λ(NB1), Λ(NB2), Λ(NB3)

and Λ(NB4) indicate the positions of borders between LL and
DL, DL and HL, HR and DR, DR and LR, respectively.

Clearly, ( NBi+(−1)ili
NP

− k
N ) → 0 as k approaches both side-

borders of DL and DR. Therefore, we have the approximation
when k comes close to the edge of PLDB:

Θi(k, li) ≈ L sin c[L(
NBi + (−1)ili

NP
− k

N
)] , i = 1, 2, 3, 4. (13)

It is obvious that Θi(k, li) (i = 1,2,3,4) increase dramatically
as k approaching the corresponding side-border ofDL andDR.
Consequently, the four sub-leakage items Ileaki(k) (i = 1,2,3,4)
increase considerably. In summary, the energy leakage issue
can be very severe, especially for ATs on the edge of PLDB.
The phenomenon is hereby known as the “edge effect”.

IV. Energy Compensated DFT-Based Channel Estimation
With Partial Refinement

A. Proposed Channel Estimation Method

Bearing the “edge effect” in mind, we propose an enhanced
DFT-based channel estimation—ECDFT-PR. The basic idea
behind our proposed method is to compensate the energy
leakage via creating artificial CFRs for VPs. In particular,
the energy compensation is conducted mirror-symmetrically,
which mitigates the discontinuities of CFRs at borders of
PLDB more effectively. Moreover, as Eq. (8)–(9) show, the
MSE performance for the ATs on the edge of PLDB is severely
affected. Therefore, a partial refinement for these edge tones
is performed to improve the overall MSE performance. Our
proposed method can be described in detail as follows:

1) The first step: LS estimation for initial results
The LS estimation is first carried out based on Eq. (3)

Ĥ vpLS = [Ĥ L
LS ; ĤR

LS ], (14)

where [A; B] denotes the vertical concatenation of two matri-
ces A and B. Ĥ L

LS , ĤR
LS represent the LS estimations on the

left and the right side of PLDB, respectively.
2) The second step: Energy compensation for leakage
Our approach seeks to alleviate the leakage effect with

energy compensation for VPs—generating artificial CFRs.
Artificial CFRs are created from the LS results of APs near
VPs, taking advantage of the high correlation of CFRs for
tones close to each other. We have the full NP points LS
estimation as

Ĥ f ull
LS (k) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ĤL
LS (NLFL

P − k) , k ∈ K1,

ĤL
LS (k − NLFL

P ) , k ∈ K2,

ĤL
LS (NLFL

P + 2NL
P − k − 2) , k ∈ K3,

ĤR
LS (NP − NLFR

P − NR
P − k) , k ∈ K4,

ĤR
LS (k − NP + NLFR

P + NR
P) , k ∈ K5,

ĤR
LS (NP − NLFR

P + NR
P − k − 2) , k ∈ K6,

(15)



where the subsets are defined as: K1 = {k|0 ≤ k < NB1}; K2 =

{k|NB1 ≤ k < NB2 +1}; K3 = {k|NB2 +1 ≤ k < NB2 +NHFL
P +1};

K4 = {k|NB3 − NHFR
P ≤ k < NB3}; K5 = {k|NB3 ≤ k < NB4 + 1};

K6 = {k|NB4 + 1 ≤ k < NP}.
It is much easier to view Ĥ f ull

LS in this way: subsets of
CFRs close to VPs are selected and artificial CFRs are mirror-
symmetric with the selected ones. For instance, the selected
subset of CFRs is flipped along the axis of k = NLFL

P to
generate artificial CFRs for VPs located in LL. Similarly,
artificial CFRs for LR, HL and HR can be created by the
means shown in Eq. (15).

3) The third step: Noise reduction in the time-domain
Exploiting the property of the concentration of channel

power, the noise can be reduced efficiently in the time-
domain. With proper cyclic prefix (CP) design, we can detect
the significant paths without the knowledge of path delay,
i.e., keeping only CP length of CIRs. The noise reduction
transform S can be seen as a simple low-pass filter, which
eliminates the noise outside the pass-band and in turn means
the elimination of most of the noise on the estimated tones.
The DFT-interpolation is then applied to the remaining CIRs:

Ĥ vtDFT = F̃SQĤ
f ull
LS . (16)

4) The fourth step: Partial refinement in the frequency-
domain

More insight into Eq. (8)–(9) reveals that the MSE perfor-
mance for ATs close to VTs is severely affected, even worse
than the LS estimation’s performance. A partial refinement
for these ATs can improve the overall MSE performance
effectively. To this end, we substitute an amount of CFRs with
the pre-estimated LS results. The number of ATs performed
substitution can be calculated as

S L = arg max
S L

{
S L∑
ii=1
ΔH( Nat

2 ±ii)ΔH∗( Nat
2 ±ii)

S L
> MSELS },

S R = arg max
S R

{
S R∑
j j=1
ΔH((Nat± j j))NatΔH∗((Nat± j j))Nat

S R
> MSELS },

(17)

where S L and S R represent the number of substituted ATs on
each side of PLDB, respectively. ((U))N denotes the modular
arithmetic by N and MSELS is derived in [10]. In conclusion,
the final CFRs consist of two parts—the refined CFRs for the
edge ATs and CFRs obtained by Ĥ vtDFT for the rest of ATs.

B. Complexity Analysis

For the complexity analysis, we evaluate the ECDFT-PR
estimator along with two conventional DFT-based estimators
(Estimator A, B) [10] in terms of the complex multiplications
(CMs) involved. Assuming the DFT/IDFT is implemented
with the Radix-4 fast Fourier transform (FFT) algorithm which
needs 3

8 Nlog2N CMs for the N points FFT. The number
of CMs and stored coefficients required by the three afore-
mentioned channel estimators are summarized in Table I. A
particular case of NP = 512 pilots and CP length LCP = 256
(with NP pilots which consist of NL

P = NR
P = 208 APs and

NLF
P = 16,NHF

P = 80 VPs) is also listed in Table I. From

TABLE I
Complexity Comparison of Different Channel estimators

General Case Particular Case
Esti. CMs Coef. CMs Coef.

NL
P+NR

P+3/8NPlog2NPA
+L2

CP+3/8Nlog2N
N.A. 76128 N.A.

NL
P+NR

P+3/8NPlog2NPB
+LCP+3/8Nlog2N

N.A. 10848 N.A.

NL
P+NR

P+3/8NPlog2NP NLF
P +NHF

P +ECDFT -PR
+3/8Nlog2N 2×(RL + RH)

10592 176

TABLE II
Main System Parameters

Center Frequency 5.25GHz Num. of Total Tones (N) 2048
Channel Bandwidth 100MHz Num. of ATs (Nat) 1664
Sampling Rate 122.88MHz Num. of VTs (Nvt) 384
Modulation Scheme 16QAM CP Length 256
Radio Channel UMa Pilot Spacing 4

Table I, one can see that the complexity of the proposed
estimator is much lower than that of Estimator A and B.
Only few memory units are required to store the pre-estimated
coefficients which are used to create the artificial CFRs and to
refine the estimations for the edge tones. And as analyzed
before, one can see that the proposed estimator gives the
best performance in the presence of VTs. Additionally, the
proposed estimator needs no perfect knowledge of channel
statistics which is demanded by Estimator A and B [10].
Therefore, the proposed method is especially suitable for
hardware realization.

V. Simulation Results

In this section, the performance of the proposed channel
estimation is verified by simulations and the main parameters
of the system are listed in Table II. The radio channel is
modeled as Urban Macrocell (UMa) scenario recommended
by ITU-R [11] with a bandwidth of 100 MHz.

In Fig. 3, the MSE performance of the proposed channel
estimation is compared with that of other schemes. Note
that the DFT-based estimator with zero-padding suffers an
obvious MSE error floor and this phenomenon can be
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attributed to the energy leakage caused by VTs. The leakage
is mitigated to a certain extent for the DFT-based estimator
via generating artificial CFRs with repeat-padding. Evidently,
our proposed channel estimator gives the best performance,
achieving MSE=10−3 at SNR=24dB. For comparison, the
performance curve of the DFT-based estimator without VTs
is also plotted. As can be seen, the performance degradation
of the proposed estimator is negligible.

In order to assess the estimator’s robustness to various VTs,
the MSE performance under fixed SNRs is shown in Fig. 4.
Two cases of fixed SNRs at 15dB and 25dB are provided for
the comparison between the medium and the high SNRs. As
Fig. 4 illustrates, in both cases, the proposed scheme reveals a
better robustness, tracking the increase of VTs almost steadily.
In contrast, the MSE curves for the LS estimator and the
DFT-based estimator fluctuate intensely as the number of VTs
increases, failing to adapt to the variation of VTs.

Fig. 5 illustrates the robustness of the proposed method to
different allocations of VTs. The number of VTs located in
LFGB indicates different hardware capabilities for different
systems. Generally, the number of VTs in LFGB (NLF) will
not exceed that in HFGB (NHF). In Fig. 5, the MSE perfor-
mances of the proposed method and three other schemes are
presented versus the ratio NLF/NHF . The proposed ECDFT-

PR and ECDFT schemes outperform the other two schemes,
which demonstrates the effectiveness of the energy compen-
sation. Moreover, the performance is enhanced by the partial
refinement, especially when NLF/NHF increases. From Fig.
5, the proposed channel estimation is shown insensitive to
different allocations of VTs.

VI. Conclusions

In this paper, a novel channel estimation for broadband
OFDM systems with VTs is presented. Effective energy com-
pensation and partial refinement are introduced to eliminate
the energy leakage and “edge effect” caused by VTs, which
improve the overall MSE performance significantly. Both
numerical and simulation results demonstrate that the proposed
method gives a better performance than conventional DFT-
based channel estimations and achieves high robustness to
VTs. Furthermore, no extra computational complexity arises
from our approach. In summary, the proposed ECDFT-PR
channel estimation is a cost-effective scheme which is par-
ticularly suitable for hardware realization.
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