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ABSTRACT
Orthogonal Frequency Division Multiplexing (OFDM) has been considered as a strong candidate for next
generation wireless communication systems. Compared to traditional OFDM, Single Carrier OFDM (SCOFDM) has demonstrated excellent bit error rate (BER) performance, as well as low peak to average
power ratio (PAPR). Similar to other multi-carrier transmission technologies, SC-OFDM suffers significant
performance degradation resulting from intercarrier interference (ICI) in high mobility environments. Existing
techniques for OFDM can be directly adopted in SC-OFDM to improve performance, however, this
improved performance comes at costs such as decreased throughput. In this paper, we analyze the effect
of ICI on an SC-OFDM system and propose a novel modulation scheme. The proposed Magnitude- Keyed
Modulation (MKM) modulation provides SC-OFDM system

immunity to

ICI

and

with

an

easy

implementation it significantly outperforms OFDM, SC-OFDM and MC-CDMA systems with Phase Shift
Keying (PSK) modulation and Quadrature Amplitude Modulation (QAM) in severe ICI environment. Analysis
also illustrates the proposed SC-OFDM system with MKM modulation maintains low PAPR compared to
traditional OFDM and SC-OFDM systems with PSK and QAM modulations. Simulation results for different
modulation schemes in various ICI environments confirm the effectiveness of the proposed system.

Keywords: Intercarrier Interference, Single Carrier OFDM, Magnitude Keyed Modulation.
I. INTRODUCTION
Orthogonal frequency division multiplexing and other multi-carrier transmission technologies such as MultiCarrier Code Division Multiple Access (MC-CDMA) have been considered strong candidates for

next

generation high-data-rate wireless communication systems because of their good BER performance and
high spectrum efficiency [1]. It

is

highly desired to

adopt multi-carrier transmission in aerial vehicle

communication to improve the spectrum efficiency. In multi-carrier transmission technology such as OFDM, it
is crucial to maintain orthogonality among all the subcarriers. Otherwise, intercarrier interference (ICI) will
occur and lead to significant performance degradation. In a high mobility environment such as aerial vehicle
communication, multi- carrier transmission technologies experience severe ICI due to Doppler shift introduced
by high mobility of transmitter or receiver, or both. Many studies have been conducted in evaluating the BER
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performance of OFDM system and MC- CMDA system with ICI [2], [3] and improving the performance by
reducing ICI for OFDM [4]–[10] or by estimating the carrier frequency offset (CFO) [11]–[13]. Such techniques
are effective in low mobility environments where the speed variation is low. For example, training symbols can
be trans- mitted in the packet header for multiple OFDM symbols to aid the receiver in obtaining the CFO
estimate. If the relative transmitter–receiver speed is not changing during packet transmission, the overhead of
sending such training symbols is negligible. However, in aerial vehicle communication, the relative transmitter–
receiver speed changes so rapidly that it is unreasonable to assume a constant speed (and CFO) during the entire
packet transmission. Hence, to accurately estimate the CFO, training symbols need to be transmitted for every
OFDM symbol. Obviously, this significantly reduces OFDM throughput while adding complexity due to
repeated CFO estimation.
On the other hand, the Single Carrier Orthogonal Frequency Division

Multiplexing (SC-OFDM)

[14]

technique has re- ceived a lot of attention as an alternative transmission tech- nique to the conventional OFDM
due to its better performance in multipath fading channels and lower peak to average power ratio (PAPR). SCOFDM and similar technologies have been independently developed by multiple research groups almost
simultaneously. For example, Single Carrier Frequency Do- main Equalization (SCFDE) [15]–[18] and Carrier
Interferom- etry Orthogonal Frequency Division Multiplexing (CI/OFDM) [19]–[21] are essentially the same
technology. They combine benefits of multi-carrier transmission with single carrier transmission using a cyclic
prefix to allow frequency domain processing at receiver to exploit frequency diversity. In this paper, we analyze
SC-OFDM system with ICI and show a unique diagonal property of SC-OFDM with ICI. Due to this property,
the ICI effect on SC-OFDM is concentrated entirely on the phase offset and not on the magnitude. We then
propose a novel modulation scheme called Magnitude-Keyed Modulation (MKM) for SC-OFDM. As the name
suggests, this new modulation scheme carries digital data only on the signal magnitude. Hence, MKM provides
SC-OFDM with immunity to ICI, i.e., the BER performance of an SC-OFDM system with MKM does not
depend on the ICI. Given the MKM is a non- coherent modulation scheme, the proposed SC-OFDM with MKM
modulation performs slightly worse than SC-OFDM (or OFDM or MC-CDMA) with PSK (or QAM)
modulation when there is no ICI. However, the performance of SC-OFDM (or OFDM or MC-CDMA) with PSK
(or QAM) modulation has obvious degradation in severe ICI environment or with k=0 high modulation schemes,
and the new system significantly outperforms them. Compared with existing ICI cancellation schemes or CFO
estimation schemes, the proposed modulation technique does not need to sacrifice the data rate via employ- ing
training sequence or self-cancellation coding, meanwhile it is totally immune to the ICI. Additionally, the
proposed system has low complexity and is easy to be implemented. Meanwhile, the lower PAPR property of
SC-OFDM system is The rest of the paper is organized as follows: In Section II, we present the OFDM and SCOFDM system models. Lit erature reviews of some existing ICI cancellation and CFO estimation schemes are
provided in Section III. Section IV presents the analysis of ICI and demonstrates an important where the first
term is the desired signal component diagonal property of ICI matrix in SC-OFDM. We then propose MKM
modulation for SC-OFDM which is immune to ICI and also analyze the theoretical BER performance and
PAPR performance in Section V. Section VI shows the simulation results which confirm our analysis, and
conclusion is given in Section VII.

247 | P a g e

www.ijarse.com

International Journal of Advance Research In Science And Engineering
IJARSE, Vol. No.3, Issue No.10, October 2014

http://www.ijarse.com
ISSN-2319-8354(E)

II SYSTEM MODEL
2.1 OFDM System
In the OFDM transmitter, after a constellation mapping for the appropriate modulation, (QAM, PSK, etc.), data
symbols are converted from serial to parallel. Assuming there are N subcarriers in the OFDM system, each
OFDM block contains a set of N symbols (x0 , x1 , ..., xN −1 ), assigned to N subcarriers using an N -point
IFFT. Accounting for all N symbols, the composite complex OFDM signal is given by where xk is the kth
data symbol; Δf is the spacing between subcarriers; and p(t) is a rectangular pulse shape with time limit spanning
one OFDM symbol, 0 ≤ t ≤ T . To ensure or- thogonality among subcarriers, we have Δf = 1/T = 1/N Tb where
Tb is the data symbol period.Following transmission, channel propagation, and cyclic prefix removal, the
signal at the receiver corresponds to

N −1
r(t) =
k=0

αk x k ej2π (kΔf +f0 ) (t+Δt)ej2πfc (t+Δt)p(t + Δt)+n(t) ------------------------(1)

where n(t) is additive white Gaussian noise (AWGN), αk is the complex fading gain on the kth

subcarrier,

Δt represents the time delay and f0 is the CFO. Here we denote the normalized carrier frequency offset (NCFO)
as ε = f0 /Δf and rewrite the received OFDM signal as N −1 r(t) = αk x k ej2π(k+ε)Δf (t+Δt)ej2πfc (t+Δt)p(t +
Δt)+ n(t) . has obvious degradation in severe ICI environment or with k=0. The OFDM demodulator detects
each symbol by decomposing r(t) in (3) onto N orthogonal subcarriers (via application of an FFT), where perfect
timing estimation is assumed. If the NCFO is zero, the received signal on the kth subcarrier simply equals to yk
= xk αk + nk . However, when the NCFO is non- zero, the received signal on the kth subcarrier corresponds to

(a) SC-OFDM Spread Symbol Combining

(b) SC-OFDM Symbol Spectral Spreading
Fig. 1.

SC-OFDM transmitter
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2.2 Single Carrier OFDM System
Single Carrier OFDM (SC-OFDM) [14] and other similar technologies [15]- [21] combine benefits of multicarrier trans- mission with single carrier transmission using a cyclic prefix and frequency domain processing.
Conceptual representations of the SC-OFDM transmitter and receiver are shown in Fig. 1 and Fig. 2 [20],
respectively. Compared to a conventional OFDM system, the SC-OFDM system distributes each parallel data set
to all sub-carriers using different phase-rotated spectral spreading on each sym- bol [14], as illustrated in Fig.
1(b). The spreading code set corresponds to the normalized DFT matrix with the kth data symbol being spread to
the ith subcarrier employing spreading The SC-OFDM system can be easily implemented using an MC-CDMA
framework by making appropriate chN subcarriers can be implemented as an MC-CDMA system with N users
(each symbol can be viewed as an user in MC- CDMA system) using spreading code βk . Hence, the SC- anges
to the spreading code. Specifically, SC-OFDM system can be implemented as a fully loaded MC-CDMA system
with new spreading code βk , for example, transmitting N symbols using OFDM system uses the same
bandwidth as the conventional OFDM or MC-CDMA system. Similar to an OFDM system

Fig.2.

SC-OFDM Receiver

SC-OFDM can also be implemented using FFT and IFFT transforms. The received SC-OFDM signal r(t) for
the transmitted signal in (9) is given by
N −1
r(t) = √αi

xk e−j N ik ej2π(i+ε)Δf (t+Δt) ej2πfc (t+Δt) ………………………………….(2)

N- i=0 k=0
p(t + Δt)+ n(t) ,……………………………………………………………………………………….(3)
where variable definitions remain unchanged from (2). At the SC-OFDM receiver shown in Fig. 2, the SCOFDM demodulator detects the kth data symbol by: 1) decomposing the received signal r(t) into N orthogonal
subcarriers (via ap- plication of an FFT, and perfect timing estimation is assumed),2) applying the kth symbol’s
spreading code, 3) combining the N results rk , rk , ..., rk with an appropriate combining 0 1

N −1

scheme [22], denoted by the “Combiner” block in Fig. 2,4) decision of each symbol will be made based on
the result from the “Combiner”, denoted by the block “Decision Device”.

249 | P a g e

www.ijarse.com

International Journal of Advance Research In Science And Engineering
IJARSE, Vol. No.3, Issue No.10, October 2014

http://www.ijarse.com
ISSN-2319-8354(E)

Fig3 Distortin In the Output Wavefom,
Using the vector and matrix notation introduced in (7), the received SC-OFDM signal vector is given by
r = xFHS + n ………………………………………………………………………………………………(4)
where matrix F is the normalized DFT matrix acts to spread the SC-OFDM signal and is defined as Taking
advantage of ICI coefficient properties in Fig. 3, ICI self-cancellation technologies have been proposed and
developed to cancel the fractional CFO component. A simple and effective ICI self-cancellation scheme has
been proposed by Zhao and Haggman [4] who used polynomial coding in the frequency domain to mitigate the
effect of fractional CFO.
F(n, k) = √ N exp −j 2πkn N……………………………………………………..……………………………(5)
k, n ∈ [0,N – 1]………………………………………………………………..………………………………..(6)
After applying EGC technique in the receiver, the combined signal vector becomes Fig. 3 also illustrates theICI
coefficient behavior for integer ε variation. From the definition, integer ε variation corre- sponds to a frequency
offset whereby different subcarriers are identically mistaken. Hence, when ε = l {l ∈ Z}: 1) S(0) is not the
largest component and the dominant response becomes the S(l) component, 2) the largest weight in yk of (4)
will be xk+l , and 3) the decision for xˆk based on yk will be unreliable with very high probability.
y = rFH = xFHSFH + nFH……………………………………………………………………………………(7)
where FH is the conjugate transpose of matrix F.By comparing with the corresponding OFDM signal vector in
(7), the SC-OFDM in (16) includes additional Fourier transform operations due to spreading codes being
applied. These linear operations help simplify ICI analysis which is why we concentrate on ICI effects in SCOFDM versus OFDM or MC-CDMA systems.

2.3 Intercarrier Interference
From the earlier definition of NCFO (ε = f0 /Δf ), the NCFO can contain both integer and fractional components
with each having different effects on the system. The ICI co- efficient in (6) is periodic with period N , i.e., SN
+ε = Sε , and has two responses associated with the integer and fractional values of ε. The magnitude of S, |S(l,
k)| in dB, is illustrated in Fig. 3 for various values of ε using N = 64 subcarriers. In Fig. 3 for fractional ε
variation, the dominant energy response of S converges to S(0) when ε = 0. However, as ε varies
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fractionally from 0.1 to 0.4, the energy in S spreads across all subcarriers. For larger ε values there is a higher
percentage of energy “leakage” across the subcarriers. However, it is important to note that dominant energy
response of S remains in the S(0) component. Hence, when ε is a fractional value: 1) S(0) remains the largest
component, 2) the largest weight in yk of (4) will be xk , and 3) the decision for many different values.

III. EXISTING ICI REDUCTION TECHNIQUES
With the last discussion as per the ICI dependent carrier signal wave the CFO-dependent ICI can significantly
degrade system performance due to coefficient energy leakage and dominant response shift as illustrated in Fig.
3, it is of great interest to steady system performance as a mean revolution form for the ICI present. Many
studies have been conducted to evaluate OFDM and MC-CDMA system BER with ICI present [2] [3] and
several technologies have been developed to reduce ICI effects. Taking advantage of ICI coefficient properties in
Fig. 3, ICI self-cancellation technologies have been proposed and developed to cancel the fractional CFO
component. A simple and effective ICI self-cancellation scheme has been proposed by Zhao and Haggman [4]
who used polynomial coding in the frequency domain to mitigate the effect of fractional CFO..When compared
to a coded system operating at a similar rate,their self-cancellation scheme provided better performance. In [7],
an ICI self-cancellation scheme is adopted to combat the ICI caused by phase noise in OFDM systems. For more
general cases, Seyedi and Saulnier proposed a general ICI self- cancellation scheme that can be implemented
using windowing [5]. In [6], Ryu studied ICI self-cancellation using a data- conjugate method to effectively
reduce ICI. However, these ICI self-cancellation schemes mitigate ICI at the cost of reduced data rate. This
limitation was addressed in additional MC-CDMA work that considered a self-cancellation scheme that
maintained the data rate [9].
In addition to self-cancellation techniques, other ICI can- cellation schemes have been proposed. For example,
work in [10] proposed an ICI cancellation scheme that does not lower transmission rate or reduce bandwidth
efficiency. At the same time, the technique offers perfect ICI cancellation and significant BER improvement at
linearly growing cost. Regardless of the ICI cancellation scheme, there is always an associated cost for
improvement and trade-offs must be made, e.g., data rate and bandwidth efficiency may be maintained at the
expense of greater implementation complexity, or, data rate and bandwidth efficiency may be sacrificed and less
complex implementations employed. The importance of these trade-offs become even more important when
considering cases where the CFO includes both integer and fractional components. In these cases, the ICI
coefficient experiences both leakage and shift and the aforementioned cancellation schemes will require even
greater complexity to achieve similar performance with no guarantee of effectiveness.
Regardless of the components present in ε, it is readily apparent that if ε is known at the receiver the ICI can be
totally canceled. Hence, researchers have spent considerable effort to improve ICI cancellation performance by
estimating both the integer and fractional CFO components. Generally speaking, these existing CFO estimation
schemes can be classified as either data aided or blind estimators. While data aided estimators [11]–[13]
provide better estimation performance, they also reduce the effective data rate given that pilot data is transmitted.
Hence, the blind estimators have received a lot of attention due to system power and high bandwidth efficiencies.
The blind estimator in [23] utilizes an estimation algorithm based on maximum likelihood criteria and exploits
the cyclic prefix preceding the OFDM symbols to estimate the CFO. As implied by its name, the Minimum
Output Variance (MOV) estimator utilizes minimum output variance criteria to estimate CFO [24]. Work in [25]
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presents a non-data aided CFO estimator that utilizes criteria based on minimum received symbol power.
Subsequent work in [26] and [27] estimate CFO by exploiting features in a smoothed power spectrum. The
subspace method in [28] is based on channel correlation and the kurtosis CFO estimator in [29] is based on
measuring non-Gaussian properties of the received signal. However, each of these existing blind CFO
estimators have inherent drawbacks and efficient performance requires: 1) a constant modulus (CM)
constellation, 2) a large number of OFDM blocks, and/or 3) knowledge of the channel order. In general, the
performance of current blind estimators is not sufficient for high speed aerial vehicle communications. To
address these drawbacks, we recently proposed a high accuracy blind CFO estimator for OFDM systems [30].
However, the data rate reduction and implementation complexity were both higher than what we expected, and
the system performance will likely degrade given residual CFO is present in all estimation methods. To
address thesis and other drawbacks of existing techniques, we analyze ICI coefficients in next section.

IV ICI COEFFICIENT ANALYISIS
To provide an initial understanding how the ICI coefficient impacts system performance, we first focus our
attention an AWGN channel. In this case, the channel gain fading matrix H becomes an identity matrix I. For
the analysis we must determine the ICI power. This can be done using the Carrier- to-Interference Power Ratio
(CIR), defined as [4], [31]:Desired Signal Power
CIR=---------------------------------…………………………………………………(8)
ICI Power
However, when there is no ICI present, e.g., ε → 0, the CIR approaches infinity which cannot be shown in a
figure. As an alternative approach, the ICI power can be estimated using the Interference-to-Carrier Power Ratio
(ICR), defined as:
ICI Power
CIR-1 =-----------------------------…………………………………………………..(9)
Desired Signal Power

The expression in (9) implies that the ICR becomes smaller as the desired signal power to ICI power ratio
increases. It is evident that ICR is system dependent and thus critical for us to consider several possible cases.

Fig 4 ICR Comparison of OFDM with SC-OFDM in a multieye channel
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In our ICR simulations, we average the ICR across all subcarriers, which represents a more reliable approach
relative to what was used in [4]. Specifically, ICR on kth subcarrier can be represented as IC R(k) = ICI
power from non-kth subcarrier / Signal power on kth subcarrier. Results in Fig. 4 show ICR versus ε for
OFDM and SC- OFDM systems using N = 16 subcarriers over an AWGN channel with ICI present. It is
evident that ICR of SC-OFDM is zero for all ε values, meaning the desired signal component used for data
estimation is unaffected by ICI. Given the CIR of SC-OFDM is much lower than that of the OFDM system, the
benefit of using SC-OFDM under conditions with ICI present are clearly evident by comparing to traditional
OFDM under similar conditions. The following analysis of OFDM and SC- OFDM systems with ICI present is
provided to show how ICI affects overall performance and helps explain why the SC- OFDM system
experiences zero ICR.

4.1 Analysis of OFDM Performance with ICI Present
The received OFDM signal for an AWGN channel can be simply expressed using (7) with H = I as
y = xS + n…………………………………………………………………………………………………(10)
Considering the limiting case when no ICI exists and ε → 0, the ICI coefficient matrix in (19) becomes S = I
and the received signal vector simply reduces to the transmitted signal vector plus noise y = x + n, thereby
simplifying the detection decision. However, in cases with ε = 0 system performance degrades significantly.
This occurs because CFO causes S in (19) to be non-diagonal which causes the target symbol’s amplitude and
phase to be weighted by S(0), while at the same time mixing in non-target symbol contributions weighted
according to S(1−N ), ..., S(−1) and S(1), ..., S(N −1) in (8). Thus, to reliably determine x, three unknowns are
required:1) target symbol amplitude change,
2) target symbol phase change, and
3) mixing weights of non-target symbols.
To determine these unknowns, we can decompose S into separate related components and solve for them
separately. Using the received signal expression in (19), with a known ICI coefficient matrix S and S−1
existing, x can be recon- structed using y. It is evident in (8) that the ICI coefficient matrix S is a circulant matrix
which reduces the uncertainty of the N × N matrix from N 2 to 2N − 1. However, we know there is actually
only one uncertainty ε. Hence, it would be helpful to find a transform to simplify the circulant matrix and reduce
the uncertainty. To simplify matrix S, it is crucial to analyze ICI coefficient S(k, l) in (6) and the three
parameters therein: k, l and ε. It is difficult to determine the relationship of these three parameters directly
without first decomposing (6):The decomposition in (25) shows that the ICI coefficient S(k, l, ε) can be
expressed as a product of the kth row of normalized IDFT matrix IDFT(k, :), the N × N diagonal matrix D(ε),
and the lth column of normalized DFT matrix DFT(:, l). Therefore, the ICI coefficient matrix S can be written
in the well-known eigen decomposition form as
S = FH ΨF ………………………………………………………………………………………………..(11)
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4.2 Analysis of SC-OFDM Performance with ICI Present
Due to the perfect ICR performance of the SC-OFDM system, we next consider its perform ance with ICI
present. Using the ICI coefficient matrix in (26) with H = I for the AWGN channel, we revisit the expression in
(11) and rewrite the received SC-OFDM signal vector as
Y= xF+ds+signal gain+df ( 33fx2f)………………………………………………………………………(12)

V MKM FOR SC-OFDM SYSTEMS
After observing the ICI coefficient property, we find that FSFH is a diagonal matrix with each diagonal element
having unit magnitude. Hence, the ICI has no effect on the magnitude of each and every SC-OFDM data symbol.
Therefore, when there is no noise present (29) shows that |rk | = |xk | independent of ε. To fully exploit the
inherent ICI immunity in SC-OFDM, we introduce a novel digital modulation scheme called Magnitude Keyed
Modulation (MKM). Specifically, we will only use the magnitude to carry digital symbols. For example, binary
MKM (2MKM) is equivalent to binary On-Off Keying (OOK). Note that MKM is different than Amplitude
Shift Keying (ASK) A. BER Performance Analysis For 2MKM, the BER performance is exactly the same as
OOK with non-coherent detection given by
BER = P (xˆk = 1|xk = 0)P (xk = 0) + P (xˆk = 0|xk = 1)P (xk = 1)…………………………………(13)
using antipodal signal pairs given that is a non-coherent modulation scheme and doesn’t require phase reference.
For an OFDM system with BPSK modulation, when the signal in time domain converges to one peak (e.g., in
frequency domain xk = (−1)k ), the worst PAPR is obtained and equals N . However, for single carrier systems
such as SC-OFDM with MPSK (BPSK, QPSK, etc.) modulation, the maximum amplitude squared equals to the
mean power in the time domain and therefore PAPR= 1

N . Unlike SC-OFDM with MPSK modulation, the

SC-OFDM system with MKM cannot retain the PAPR= 1 feature since the magnitude (amplitude) varies for
different symbols in time domain. However, as shown next the SC-OFDM system with MKM has a much
lower PAPR than an OFDM system with either PSK or MKM. To compare the PAPR for different systems, we
analyze the Cumulative Distribution Function (CDF)

Fig. 5.

CDF of Papr for Different Modulation Orders.
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VI SIMULATION RESULTS
This will provide and simulated CDF plots of PAPR in Fig. 5, where

PAPR of OFDM with QPSK is

overlapped withPAPR of OFDM with 8PSK. These results are based on Monte Carlo simulation with 105 trials
using N = 256 total subcarriers and configurations that included OFDM and SC-OFDM systems with various
combinations of BPSK, 2MKM, QPSK, 4MKM, 8PSK, and 8MKM modulations as indicated. The minimum
and maximum values in the plots, along with average PAPR, are presented in Table I. The metrics “Minimum”,
“Maximum” and “Average” in Table I indicate the smallest, largest and average observed PAPR in the
simulation, respectively. In Fig. 5, the “Minimum” PAPR denotes the largest value for CDF is zero, the
“Maximum” PAPR denotes the smallest value for the CDF is one. The results in Table I clearly show that the
SC-OFDM system consistently has the lowest PAPR, and that all com- binations of SC-OFDM with MPSK
modulation maintain a PAPR= 0 dB for all M . For combinations with higher modulation order (M = 4 and
M = 8), i.e., SC-OFDM with zero and the OFDM systems always produce a higher PAPR resultant MKM BER
can be approximated using the following for any given modulation type and order. When comparing The BER
performance of the proposed SC-OFDM system with MKM modulation is first examined. Specifically, we
compare performance of 1) SC-OFDM with binary MKM verify results for a given modulation order, SCOFDM with MKM always results in a lower PAPR relative to the corresponding OFDM system using either
PSK or MKM.

6.1 Multipath Fading Channel
Now considering the case where multipath fading is present and matrix H = I, the ICI coefficient matrix in (26)
is again substituted into (16) to form the received SC-OFDM signal vector as follows:r = x FHSFH + n FH = x FH FH ΨF FH + n FHfy ……………………………………………………….(14)
= x FHFH Ψ + n …………………………………………………………………………………………(15)
Similar to the procedure used for the AWGN channel, we can again use | r| to make decisions without the impact
of the ε. Specifically, the decision of N data symbols xˆ can be sus OFDM/SC-OFDM/MC-CDMA with BPSK
modulation,

6.2 SC-OFDM CHANNEL
The SC-OFDM with 4MKM versus OFDM/SC-OFDM/MC- CDMA with QPSK, and 3) SC-OFDM with
8MKM ver- sus OFDM/SC-OFDM/MC-CDMA with 8PSK/8QAM, under
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Fig. 6. AWGN channel: BER vs. SNR for OFDM & SC-OFDM with binary modulations,
N = 64 subcarriers, and ε = 0.3

.

Fig 7. SC-OFDM channek used for SNR OFDM with no.. of bits generated
These results illustrate that the BER performance of SC-OFDM with 2MKM, 4MKM, and 8MKM remains
constant as ε increases, while the BER perfor- mances of traditional OFDM/SC-OFDM/MC-CDMA systems
with BPSK, QPSK, 8PSK and 8QAM modulations degrade significantly and catastrophically (approaches 0.5
in the worst cases). By comparing Fig. 6 to Fig. 8 results, it is readily apparent that when ε increases or higher
order modulation is used, the SC-OFDM system with the newly proposed MKM mod- ulation significantly
outperforms all OFDM/SC-OFDM/MC- CDMA systems using conventional PSK/QAM modulations. More
specifically, SC-OFDM with MKM maintains nearly identical BER performance independent of ε variation
while OFDM/SC-OFDM/MC-CDMA with PSK/QAM are very sen- sitive to changes, especially when using
higher order modu- lations. It is important to note that in these simulations we assumed that ε was a small
fractional number, consistent with a residual CFO contribution that may remain after some types of
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cancellation or estimation processing have been applied in a PSK/QAM system. It is obvious from our results
that OFDM/SC-OFDM/MC-CDMA systems using PSK/QAM are virtually useless when this residual ε
exists. However, we have demonstrated that the SC-OFDM system with MKM modulation maintains nearly
constant performance regardless of the fractional ε value and without requiring any addi- tional processing.
As a final note of validation, Fig. 6 and Fig. 7 provide theoretical BER performance for comparison with
simulated results for proposed system (SC-OFDM with MKM). As evident in both figures, theoretical and
simulated performances are equivalent which validates the analytic BER results for SC-OFDM with MKM,
specifically, SC-OFDM with binary MKM in (31) and SC-OFDM with L-ary MKM in (35). In a practical
mobile multipath radio channel, time-variant multipath propagation leads to random Doppler frequency
shift. For our final results we characterize performance of the proposed ICI cancellation method in a multipath
fading channel. As a measure of Doppler frequency, we use the normalized maximum Doppler spread
εmax, defined here as the ratio of channel maximum Doppler spread to subcarrier bandwidth. We assume a 4fold multipath fading channel such that:
BW = N • Δf = 4 • Δfc
where BW

is the total system bandwidth and Δfc

(16)
is the channel coherence bandwidth. Simulated BER

performances for a multipath fading chan- nel are provided in Fig. 9 for OFDM/SC-OFDM/MC-CDMA
systems with binary modulation, N

= 16 subcarriers, and εmax = 0.4. The observations here are consistent

with pre- vious AWGN results: 1) SC-OFDM with the newly proposed 2MKM modulation is the most robust
combination and virtu- ally unaffected by εmax , and 2) when SNR is high (≥ 18dB), performance for the
OFDM/SC-OFDM/MC-CDMA systems with conventional BPSK modulation .

VII CONCLUSION
In this paper, we analyze the effect of ICI on an SC- OFDM receiver and propose a novel modulation
scheme called Magnitude-Keyed Modulation (MKM) for use with an SC- OFDM system. Taking advantage of
unique ICI coefficient matrix properties, we showed that the ICI effect on a received SC-OFDM signal is
simply a phase offset on each and every data symbol, while the magnitude of the data symbol is unaffected.
Hence, by transmitting digital information only on the SC-OFDM signal magnitude, the authors develop a
novel modulation scheme called MKM and apply it to an SC- OFDM system. The resultant SC-OFDM system
with MKM modulation experiences a boost in ICI immunity and signif- icantly outperforms traditional OFDM,
SC-OFDM and MC- CDMA systems using Phase Shift Keying (PSK) modulation and Quadrature amplitude
modulation (QAM) in severe ICI environments. Simulation results are presented for SC-OFDM with binary, 4ary, and 8-ary MKM modulations and the performance of each configuration compared with traditional
OFDM/SC-OFDM/MC-CDMA using PSK/QAM modulation. Results for both AWGN and multipath fading
channels clearly demonstrate that SC-OFDM with MKM is superior–much less BER degradation is observed
as normalized carrier frequency offset and normalized Doppler spread increase.
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