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Abstract. This paper proposes a time domain channel estimation (TD-CE)
method for Multi Input Multi Output-Orthogonal Frequency Division Multi‐
plexing (MIMO-OFDM) systems. The feature of proposed TD-CE method is to
estimate channel frequency responses for all links between transmit and receive
antennas in MIMO-OFDM systems by using one scattered pilot preamble symbol
in the time domain. The proposed method can achieve higher channel estimation
accuracy even when the number of transmission antennas is larger and the trans‐
mission signal is sampled by a non-Nyquist rate in which the number of IFFT
points is different from the number of data subcarriers due to the insertion of null
subcarriers (zero padding) at the both ends of data subcarriers. This paper shows
various computer simulation results in the time-varying fading channels to
demonstrate the effectiveness of the proposed channel estimation method as
comparing with the conventional channel estimation methods.

Keywords: Time domain channel estimation (TD-CE) · MIMO · Channel
impulse response · Channel frequency response · Non-Nyquist rate

1 Introduction

Orthogonal Frequency Division Multiplexing (OFDM) has been widely adopted in the
current wireless communications systems as the standard transmission technique such
as the Digital Audio and Video Broadcasting (DAB [1] and DVB [2]), Broadband
Wireless Access (IEEE 802.16) [3] and Wireless Local Area Network (WLAN) [4]
because of its efficient usage of frequency bandwidth and robustness to the multipath
fading. Furthermore, the Multi Input Multi Output (MIMO) technique is employed with
OFDM technique (MIMO-OFDM) [5] to achieve higher data transmission rate and
higher signal quality in various wireless communication systems.

In MIMO-OFDM systems, the receiver needs to estimate the channel frequency
responses (CFR) precisely for all links between transmit and receive antennas which are
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used in the demodulation of information data with the MIMO detection. From this fact,
the channel estimation (CE) method which can achieve higher estimation accuracy is
essential in MIMO-OFDM systems to achieve higher data transmission rate with
keeping higher signal quality. Up to today, many CE methods have been proposed for
MIMO-OFDM systems including the Discrete Fourier Transform interpolation-channel
estimation (DFTI-CE) method [6] and the Maximum Likelihood-channel estimation
(ML-CE) method [7]. The DFTI-CE method can achieve higher estimation accuracy
only when the sampling rate of transmission signal is the Nyquist rate i.e. the number
of IFFT points (N) is equal to the number of data subcarriers (M). However the estimation
accuracy of DFTI-CE method would be degraded relatively in the practical MIMO-
OFDM systems in which the sampling rate is taken by the non-Nyquist rate. In the
practical OFDM system, the null subcarriers (zero padding) are usually inserted at the
both ends of M data subcarriers in every transmission OFDM symbol to reject the
aliasing occurring at the output of digital to analogue (D/A) converter. From this fact,
the channel estimation accuracy of using this method would be degraded especially at
around the both ends of data subcarriers which are the borders between the data and null
subcarriers due to the mismatching of sampling rate between the transmission signal
with N samples and received signal with M samples. This phenomenon is called the
border effect [8]. To solve the above problem, the ML-CE method was proposed for the
MIMO-OFDM systems which can achieve higher estimation accuracy than the conven‐
tional DFTI-CE method [7]. However its estimation accuracy at the both ends of data
subcarriers would be degraded when increasing the number of transmit antennas.

To solve the above problems on the conventional CE methods, this paper proposes a
novel channel estimation method which can achieve higher estimation accuracy even when
the non-Nyquist rate and increasing the number of transmit antennas in the MIMO-OFDM
systems. The salient feature of proposed TD-CE method is to employ the superimposed time
domain received scattered pilot preamble (SPP) symbol sent from all the transmit antennas
in which pilot subcarriers sent from each transmit antenna are assigned cyclically including
the both ends of transmission frequency band for data subcarriers. In the proposed method,
the channel frequency responses for all links between transmit and receive antennas are
estimated over the frequency band corresponding from the first to the end pilot subcarriers
of which frequency band is also used in the transmission of data information. This paper
is organized as follows. Section 2 presents the conventional CE methods for MIMO-OFDM
systems and their problems on the estimation accuracy at the non-Nyquist rate and when
increasing the number of transmit antennas. Section 3 proposes the TD-CE method for
MIMO-OFDM systems which can solve the problems on the conventional methods.
Section 4 presents various computer simulation results to verify the effectiveness of
proposed method and Sect. 5 draws some conclusions.

2 Conventional Channel Estimation Method

2.1 System Model for MIMO-OFDM Systems

For simplicity, we consider the MIMO-OFDM systems employing the Space Divi‐
sion Multiple Access (SDMA) technique with NT transmit and NR receive antennas
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which enables the transmission of separate information data from each transmit
antenna. Figure 1 shows a block diagram of MIMO-OFDM system with the SDMA.
At the transmitter, the information data encoded by FEC is modulated and separated
by M subcarriers into each transmit antenna. The zero padding are added at the both
ends of M data subcarriers then converted into the time domain signal by N points
IFFT at each transmit antenna. The time domain signal  at the k-th time sample
(0≤k≤N-1) transmitted from the Ti transmit antenna (1≤i≤NT) is sent to the receive
antenna Rj (1≤j≤NR) after adding the guard interval (GI) to avoid the inter symbol
interference (ISI). At the receiver, the data information transmitted from NT transmit
antennas are demodulated by using the MIMO detection with the estimated channel
frequency response matrix consisting of all links between transmit and receive
antennas.

In the MIMO-OFDM systems, (NT×NR) channels between transmit and receive
antennas are required to estimate by using one common SPP symbol. Figure 2 shows
an example of pilot subcarriers assignment in the SPP symbol sent from the i-th
transmit antenna. In the Fig. 2, N is the number of IFFT points, M is the number of
data subcarriers, (N-M) represents the total number of null subcarriers (zero padding)
and the half of the null subcarriers (N-M)/2 are inserted at both ends of M data
subcarrier. Each transmit antenna can use P (=M/Kf) pilot subcarriers within M
subcarrier which are inserted cyclically with an interval of Kf subcarrier. J repre‐
sents the first data subcarrier number (J=(N-M)/2) within N subcarriers including the
zero padding. The pilot subcarriers for the i-th transmit antenna are assigned from
J+(i-1) to J+(i-1)+sKf (0≤s≤P-1) with the interval of Kf subcarriers. Here it should
be noted that the pilot subcarriers sent from each transmit antenna are assigned
cyclically so as to avoid a collision among the pilot subcarriers sent from all
transmit antennas. The time domain SPP symbol  transmitted from the i-th
transmit antenna is given by,
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Fig. 1. Overview of MIMO-OFDM system.
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Fig. 2. Assignment of pilot subcarriers in SPP symbol.

Where  is the s-th pilot data for the i-th transmit antenna of which subcarrier
number is J+(i-1)+sKf within N subcarriers. The channel impulse response (CIR) of
multipath fading between the i-th transmit and the j-th receive antennas can be expressed
by,

(2)

where NP is the number of delay paths and  represents the complex amplitude
of CIR for the q(i,j)-th delay path occurred in the channel between the i-th transmit and
j-th receive antennas. At the j-th receive antenna, the superimposed received SPP signal

 sent from all transmit antennas after removing the GI can be given by,

(3)

where  is the additive white Gaussian noise (AWGN) at the k-th time sample of
j-th receive antenna and  represents the convolution. The CFR at the pilot subcarriers
between the i-th transmit and j-th receive antennas can be estimated independently by
using the superimposed frequency domain received SPP symbol which is converted
from the time domain signal in (3), because the pilot subcarriers sent from all transmit
antennas are assigned without a collision as described above. By performing FFT to (3),
the received frequency domain SPP symbol at the J+(i-1)+sKf-th pilot subcarrier is
given by,

(4)

where  and  are the CFR at the J+(i-1)+sKf-th pilot subcarrier
between the i-th transmit and j-th receive antennas and AWGN at the j-th receive antenna
both in the frequency domain. From (4), the CFR  can be estimated by using

the pilot data  known at the receiver which is given by,
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(5)

The next section presents the conventional DFTI-CE and ML-CE methods by using
the estimated CFR at the pilot subcarriers given in (5).

2.2 Conventional DFTI-CE Method

The DFT-CE method has been proposed for MIMO-OFDM systems [6] which can
achieve higher channel estimation accuracy by reducing the noise component in the time
domain CIR. By performing P points IDFT to (5), the CIR  is given by,

(6)

where  in (6) is the ideal CIR for  in (5) and  is the noise component

both at the u-th time sampling. By using (4), the ideal CIR  is given by,

(7)

When N is equal to M (=PKf) at the Nyquist rate, the last term in (7) is given by [9],

(8)

By inserting (8) into (7), the CIR  exists only from u=0 to NP-1 which is the same
as (2). From this fact, the noise components from u=NP to P-1 can be removed by adding
zeros and then the CFR over M data subcarriers can be estimated precisely by performing
M points DFT to (6). However when N is larger than M (N>M) due to the insertion of
zero padding at the both ends of M data subcarriers which corresponds to the non-
Nyquist rate, the last term of (7) can be given by,

(9)

By inserting (9) into (7), the CIR  exists over P time sampling points from u=0
to P-1 which is completely different from the ideal CIR given in (2). From this fact, the
channel estimation accuracy of using the DFTI-CE method at the non-Nyquist rate
would be degraded relatively especially at the borders between the zero padding and
data subcarriers.
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2.3 Conventional ML-CE Method

To improve the border effect in the DFTI-CE method at the non-Nyquist rate, the ML-
CE method was proposed [7]. In the ML-CE method, the CIR  can be estimated by
the following Maximum Likelihood (ML) equation [10].

(10)

The ML equation given in (10) can be expressed by the following simultaneous
equations.

(11)

where  denotes the Moore-Penrose pseudo inverse matrix,  is the matrix of

the complex amplitude of CIR with the matrix size [Ng×1], and  with

the matrix size [P×Ng] can be given by,

(12)

Since the number of actual delay paths NP is unknown at the receiver, the length
of GI (Ng) is used in the estimation of CIR in (10). After performing DFT to (11), the
CFR can be estimated over M data subcarriers. Although the ML-CE method can
improve the border effect and achieve higher channel estimation accuracy, its esti‐
mation accuracy at the both ends of data subcarriers would be degraded when
increasing the number of transmit antennas [7]. When increasing the number of
transmit antennas, the interval of pilot subcarriers Kf becomes larger and the number
of subcarriers which are not covered by pilot subcarriers at the both ends of M data
subcarriers are increased as shown in Fig. 2. This is the reason that the estimation
accuracy of ML-CE method obtained by (10) would be degraded when increasing the
number of antennas.

3 Proposal of Time Domain Channel Estimation Method

To solve the above problems having the conventional DFTI-CE and ML-CE
methods, this section proposes a time domain-channel estimation (TD-CE) method
by using one SPP symbol which can improve the border effect even when the non-
Nyquist rate and increasing the number of transmit antennas.
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3.1 Proposed Pilot and Data Subcarriers Assignment Method

Figure 3(a) shows the proposed pilot subcarriers assignment for the SSP symbol sent
from the i-th transmit antenna. In the Fig. 3, the pilot subcarriers are inserted with the
interval of Kf subcarriers starting from the J+(i-1)-th to the J+(i-1)+(P-1)Kf-th subcar‐
riers which covers the bandwidth of Mp=M-NT+1. Here it should be noted that the
frequency band covered by both ends of pilot subcarriers for the i-th transmit antenna
is different from other transmit antennas and the data subcarriers are assigned within the
same bandwidth of Mp subcarriers between the first to the end pilot subcarriers as shown
in Fig. 3(b). In the proposed pilot assignment method, the active number of data subcar‐
riers becomes Mp=M-NT+1 which is smaller number than M for the conventional method
as shown in Fig. 2. However, it can be expected that channel estimation accuracy at
around the borders between the null subcarriers and data subcarriers could be better than
the conventional method because the pilot subcarriers are inserted at the both ends of
data subcarriers.
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Fig. 3. Proposed pilot and data subcarriers assignment for i-th transmit antenna.

3.2 Proposed Time Domain Channel Estimation (TD-CE) Method

This section proposes the TD-CE method by using the proposed pilot and data assign‐
ment method as shown in Fig. 3 which can achieve higher estimation accuracy at around
the borders between the data and zero padding subcarriers even when the Non-Nyquist
rate and when increasing the number of transmit antennas. Accordingly, it can be
expected that the proposed TD-CE method can achieve better BER performance than
those for the conventional DFTI-CE and ML-CE methods.

The superimposed received SPP symbol  at the j-th receive antenna can be given
by the following equation in which the received SPP symbol sent from each transmit
antenna to the j-th receive antenna is expressed separately.

(13)

The length of GI Ng in (13) is usually taken by longer than the NP so as to avoid the
Inter-symbol interference (ISI). By using the matrix multiplication, (13) can be rewritten by,
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(14)

where rj is the matrix of received signal  with the matrix size [N×1], bi and ci,j are
the matrix of time domain SPP symbol  with the matrix size [N×Ng] and the matrix
of complex amplitude of CIR  with the matrix size [Ng×1] and zj is the matrix of
AWGN  with the matrix size [N×1]. The matrix operation of (14) at the j-th receive
antenna is rewritten by,

(15)

where [ ]T is the transpose matrix operation. B is the matrix of time domain SPP
symbol bi sent from all transmit antennas with the matrix size [NR×NTNg] and Gj is the
matrix of CIR ci,j for all links from all transmit antennas to the j-th receive antenna with
the matrix size [NTNg×1]. From (15), the CIRs in matrix Gj can be estimated by using
the Moore-Penrose pseudo inverse  which can be given by,

(16)

All CIRs can be estimated together by using (16) in the time domain at the j-th receive
antenna. Since all the time domain SPP symbols sent from all transmit antennas are
known at the receiver,  can be calculated in advance at the receiver. From this fact,
the estimation of CIRs for all links can be estimated by simple matrix multiplication as
given in (16) which leads the considerable reduction of computational complexity in the
proposed TD-CE method. In the time varying fading channels, the SPP symbols are
inserted with the interval of Kt symbols in one frame and the CIRs over one frame can
be estimated by applying the cubic interpolation method to the CIRs estimated at the
SPP symbols with the interval of Kt symbols by (16). The CFRs for all links over one
frame can be obtained by performing DFT to the estimated CIRs. Finally, the informa‐
tion data in one OFDM frame can be demodulated precisely by the MIMO detection of
using the estimated CFR matrix even in higher time-varying fading channel.

4 Performance Evaluations

This section presents various computer simulation results to verify the effectiveness of
proposed TD-CE method in the time-varying fading channel. Table 1 shows the simu‐
lation parameters used in the following evaluations.
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Table 1. Simulation parameters.

Parameters Values

Modulation method for data subcarriers 16QAM

Modulation method for pilot subcarriers QPSK

No. of FFT points (N) 128

No. of data subcarriers in conv. methods (M) 96

No. of data subcarriers in proposed methods (Mp) M-NT+1

Length of GI (Ng) 11

OFDM frame length (L-Symbols) 17

Interval of pilot in freq. (Kf) and in time (Kt) axes Kf = NT and Kt=4

No. of transmit and receive antennas (NT ×NR) 4×4 and 8×8

OFDM occupied bandwidth (BW) 5 MHz

Radio frequency (fc) 2 GHz

Forward Error Correction (FEC) Code

     -Encoding Convolution (R=1/2, K=7)

     -Decoding Hard-decision withViterbi

     -Interleaver Matrix with one frame (L)

     -Packet length (information bits/packet) 512 bits

Multipath Rayleigh fading channel model

     -Delay profile Exponential

     -Decay constant -1 dB

     -No. of delay paths (NP) in all links 10

     -No. of scattered rays 20

Figure 4 shows the normalized mean square error (NMSE) performances of esti‐
mated CFR evaluated at each subcarrier for the proposed TD-CE, Conv.DFTI-CE and
Conv.ML-CE methods when the sampling rate are taken by the Nyquist rate (N=M) and
non-Nyquist (N≠M) rate. The number of transmit (NT) and receive (NR) antennas are
8×8. From the figure, it can be seen that there is no border effect in the NMSE perform‐
ances for all CE methods when the sampling rate is the Nyquist rate. When the sampling
rate is the non-Nyquist rate, the proposed TD-CE methods has no border effects while
the Conv.DFTI-CE and Conv. ML-CE methods have the border effects at around the
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both ends of data subcarriers. From these results, it can be concluded that the proposed
TD-CE method can achieve higher estimation accuracy even when the non-Nyquist rate
and the larger number of transmit antennas.
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Figure 5 shows the NMSE performance of estimated CFR when changing the carrier
to noise power ratio (C/N) for the proposed TD-CE, Conv.DFTI-CE and Conv.ML-CE
methods at the non-Nyquist rate. In the evaluation, the number of transmit and receive
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antennas (NT×NR)=4×4 and 8×8, and the normalized Doppler frequency (fdTs) is 10−2

where fd is the maximum Doppler frequency and Ts is the OFDM symbol duration
including the guard interval (GI). From the figure, it can be seen that the NMSE
performance for the Conv.DFTI-CE method is degraded relatively due to the border
effect at the non-Nyquist rate. The performance for the Conv.ML-CE method is degraded
when increasing the number of transmit antennas. The proposed TD-CE method shows
higher estimation accuracy regardless of the number of transmit antennas than that for
the Conv.ML-CE method.
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Figure 6 shows the BER performances when changing C/N at fdTs=10−2 for the
Conv.ML-CE and proposed TD-CE methods at the non-Nyquist rate. From the
figure, it can be seen that both 4×4 and 8×8 MIMO-OFDM systems with the
proposed TD-CE method shows better BER performance than those for the
Conv.ML-CE method especially when the number of transmit antennas is 8. The
degradation of BER performance for the Conv.ML-CE method as compared with the
proposed TD-CE method is come from the degradation of channel estimation accu‐
racy as shown in Fig. 5.

Table 2 shows the comparison of computation complexity required in one CFR esti‐
mation for the proposed and conventional methods when (NT×NR) = 8×8. From
Table 2, it can be observed that the computation complexity for the proposed TD-CE
method is slightly larger than the Conv.DFTI-CE and Conv.ML-CE methods. From
Table 2 and Figs. 5 and 6, it can be concluded that the proposed TD-CE method can
achieve higher estimation accuracy and accordingly better BER performance than the
conventional DFTI-CE and ML-CE methods with keeping almost the same computa‐
tional complexity.
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Table 2. Comparison of computational complexity for channel estimation methods.

Channel Estimation
Methods

Computational complexity
required in
one channel estimation (NT=8)

Conv.DFTI-CE N∙log2N+P+P2+M∙P 2,204

Conv.ML-CE N∙log2N+P+P2+M∙Ng 2,108

Prop.TD-CE (Mp=M-NT+1) N∙Ng+Mp∙Ng 2,387

The throughput (Thp) performances defined by bps/Hz for the proposed and conven‐
tional methods are evaluated by using the following equation.

(17)

where nbit is the modulation level (nbit=4 for 16QAM), Mp (=M-NT+1) is the number
of active data subcarrier for the proposed method (Mp=M for conventional methods),
R is the FEC rate, Kt is the interval of SPP symbol in the time axis, L is the frame length
and PER is the packet error rate when the packet length (information bits/packet) is
512 bits. From (17) it can be seen that the throughput performance for the proposed
method would be decreased by (Mp/M) due to the smaller number of active data subcar‐
riers Mp (=M-NT+1) which depends on the number of transmit antennas (NT). However
the NMSE estimation accuracy of proposed method is higher than the conventional ML-
CE method as shown in Fig. 5 and accordingly the proposed method can achieve better
BER performances as shown in Fig. 6. Consequently, the PER performance in (17) for
the proposed TD-CE method becomes better than the conventional ML-CE method.
From these reasons, it can be expected that the proposed TD-CE method can achieve
higher throughput efficiency even when the number of active data subcarriers Mp for the
proposed method is smaller than M that for the conventional ML-CE method.

Figure 7 shows the throughput performances for the Conventional ML-CE and
proposed TD-CE methods evaluated by using (17). In the figure, the Ideal throughput
performance which is given by assuming the ideal CFR for the Conv.ML-CE method
is also shown as for the purpose of comparison with other methods. From the figure, it
can be seen that the throughput performance for the proposed TD-CE method is almost
the same as the Conv.ML-CE method when (NT×NR) = 4×4. This is the reason that the
improvement of PER performance by using the proposed TD-CE method is not enough
to compensate the reduction of ratio (Mp/M =93/96) for active data subcarriers in (17).
However the throughput performance for the proposed method is much higher than the
Conv.ML-CE method when (NT×NR) = 8×8. The throughput performances for the
Conv.ML-CE and proposed TD-CE methods at C/N=30 dB are 2.6bps/Hz and 7.6bps/
Hz, respectively which corresponds to the improvement of 5bps/Hz by the proposed
TD-CE method.
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This means that the proposed TD-CE method can achieve the transmission data
rate of 38Mbps which is higher transmission data rate by 25Mbps than the Conv.ML-
CE method of 13Mbps when the allocated frequency bandwidth is 5 MHz.

5 Conclusions

This paper proposed the time domain channel estimation (TD-CE) method for the
MIMO-OFDM systems. The salient feature of proposed TD-CE method is to employ
the scattered pilot preamble symbol in which pilot subcarriers sent from each
transmit antenna are assigned cyclically including the both ends of transmission
frequency band for data subcarriers. In the proposed method, the channel frequency
responses for all links between transmit and receive antennas are estimated over the
frequency band between the first to the end pilot subcarriers assigned for each
transmit antenna. The same frequency band assigned for pilot subcarriers in each
transmit antenna is also used in the transmission of data information. From the
computer simulation results, it was confirmed that the MIMO-OFDM systems with
the proposed TD-CE method can achieve higher throughput performance in higher
time-varying fading channel with keeping almost the same computational
complexity as comparing with the conventional methods even when the non-Nyquist
rate and the larger number of transmit antennas.
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