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Abstract— In this paper, we have proposed the novel
demodulation scheme of MFSK (M-ary Frequency Shift
Keying) signals on MIMO frequency selective channel. For
demodulating MIMO MFSK signals, we previously used the
FDE (Frequency Domain Equalization) using CP (Cyclic
Prefix). In order to further improve the BER characteristics,
the novel scheme using MLD (Maximum Likelihood
Detection) with ISI canceller and ZP (Zero Padding) has been
considered. We further reduced the receiver complexity by
replacing MLD with M algorithm. Through computer
simulation, we have verified that the proposed scheme using M
algorithm with ISl canceller exhibits the excellent BER
characteristics compared with the FDE with CP.

Keywords-MIMO, MFSK, ISl, 1Al, MLD, M-algorithm, FDE,
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I. INTRODUCTION

MFSK signal has the constant envelope property and is
appropriate to be amplified by nonlinear amplifier with high
power efficiency. However, as the MFSK is the nonlinear
modulation scheme, the equalization at the receiver side has
been difficult when it is subjected to frequency selective
channels. On the other side, due to the increasing demand
of high data rate and reliable data transmission, MIMO
(Multiple Input Multiple Output) schemes with multiple
transmit and receive antennas become quite popular
recently. The conventional MIMO scheme processes the
received signals using the linear matrix processing.
However it has been difficult to apply the linear processing
to the nonlinear modulation such as MIMO MFSK, and
accordingly there was almost no research on MIMO FSK.
So, we aimed to develop the MIMO FSK transmission
scheme.

TABLE I LIST of PARAMETERS
N; - Transmission block Tength
N - Number of zero symbols
2¢ : Number of samples per symbol
T, - Symbol duration
At Sampling interval; At =T /(2c)
Kk : time index; present time
(L-DT, - Maximum symbol delay time
M - Number of modulation Tevel
n. - Number of transmit antenna
N, - Number of receive antenna
J : Total number of delay paths
A7 Delay path interval
M_ - Parameter of M algorithm
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We had already shown that the FDE (Frequency Domain
Equalization) scheme using CP (Cyclic Prefix) [1] is
applicable to the signal separation and equalization of
MIMO MFSK signals [2]-[4], where the FDE is done
before the demodulation process of MFSK signal. This
method was originally developed for SISO (Single Input
Single Output) FSK signals [5]. In this paper, in order to
improve the BER characteristics as well as the receiver
complexity of previously developed schemes [2]-[4], we
consider here the demodulation of MIMO MFSK where the
MLD with ISI canceller using ZP is adopted. The receiver
minimizes the Euclidian distance between the receive signal
and the receive signal replica of candidate transmit signal.
Moreover, we have replaced the MLD by M-algorithm to
further reduce the receiver complexity. We have verified
that the proposed receiver structure using M-algorithm with
ISI canceller exhibits the excellent BER characteristics
compared with the FDE with CP.

I1. MIMO MFSK DETECTION USING MLD WITH ISI
CANCELLER

We consider the detection scheme of MFSK using MLD
with ISI canceller in time domain, which improves the BER
performance compared with the FDE scheme using CP
[2]-[4]. In Fig. 1, we show the block diagram of MIMO
MFSK transmission scheme having the receiver using MLD
with ISl canceller operating in time domain. At the
transmitter side, as shown in Fig. 2, Ng; MFSK modulated
symbols with N, ZP symbols (zero symbols) are
transmitted from each transmit antenna. The ZP symbols are
required to circumvent the Inter Block Interference (IBI)
between the successive blocks caused by the multipath
delay. The ZP is also used to reset the initial phase of
continuous phase MFSK signal to be zero at the beginning
of the transmit block. The reset of initial phase of
continuous phase MFSK signal is necessary for generating
the receive signal replica for MLD with phase
synchronization at the receiver. Terminating the transmit
symbol block by ZP is also useful to prevent the error
propagation caused by erroneous ISI cancellation at the
receiver. At the receiver side, the detection of Inphase and
Quadrature (I and Q) components of MFSK symbols with
the block length of (Ng+Ng)T, is done to get the
complex baseband symbols. Then the discrete time samples
at the sampling rate of 2c per one symbol duration T,
are taken in time domain, i.e., the sampling interval of

30



ICWMC 2011 : The Seventh International Conference on Wireless and Mobile Communications

Detected data bits
Sampling Databit

Databit M-FSK 7p Y 1-Q
mod. . detec. o [ >

IS1
Canceller MLD

Databit | m-Fsk \% 1-Q Data bit
ZP O—> > —>
mod. detec.

Fig. 1 Block diagram of transmit and receive system of MIMO MFSK
using MLD with ISI canceller on frequency selective channel
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Fig. 2 Transmit signal block and Zero Padding (ZP) at the transmitter side
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Fig. 3 Relation between transmit and receive signals on multipath delay
channel in the case of SISO and symbol delay time

At =T, /(2c) . We define the present time index as k and
the maximum symbol delay time due to multipath channel
as (L-1T,. For simplicity, we also assume the SISO

(Ix1) transmission in the subsequent illustration. As
shown in Fig. 3, to detect the symbol transmitted at time k
using MLD, we need the total L receive symbols over the
symbol time k ~k+(L-1), because the transmit signal at
time k spreads over the receive symbols during
k~k+(L-1). As those L receive symbols contain the
transmit  symbol components over k-(L-1) to
k+(L-1), it is required for the MLD to search all the
transmit symbol pattern over (2L-1) symbols.
Accordingly, the number of searches in MLD becomes
M@ in the case of SISO [6].

We now consider the symbol time k in Fig. 3 as the first
data symbol in Fig. 2, i.e,, we let k=1. Then all the
transmit symbols s, ,,---,S., are zero, because they
are included in ZP duration. After receiving total L
symbols of r,----- Ny the first transmit symbol s,
is detected using the MLD. The next r,,, is then received
and the second transmit symbol s,,, is also detected by
using MLD. However, the ISI components caused by the
first transmit symbol s, is removed through the ISI
canceller before the MLD by subtracting the hard receive
replicas from the received signals. Similarly, after receiving
the next receive symbol r,., ., , the third transmit symbol
S.., IS detected by using MLD, however the ISI
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components due to s, and s,,, are cancelled by the ISI
canceller before the MLD operation. Likewise, the
subsequent transmit symbol s,,,,i>3~ N is detected
using MLD, however the ISI components caused by the
transmit symbols already detected are cancelled by the ISI
canceller. The ISl cancellation reduces the number of
searches of MLD from M®-® to M"“. The metric of
MLD is taken as the squared Euclidian distance between the
receive symbols after ISI cancellation and the receive
symbol replicas corresponding to the candidate transmit
symbols over L symbol duration. The transmit symbol is
then detected so as to minimizes the metric of MLD [6].
The proposed signal separation and equalization algorithm
is illustrated in detail as follows. The channel matrix H is
expressed as

hy - h - h, 0 - 0
H o 0 0 : 1)
: 0 h - h - h, O
0 - 0 h - h - h,

where n. and n, are the numbers of transmit and
receive antennas respectively. The element h, in (1) is also
the matrix expressed as

WD R e
M

(O IN ( N ()
h= 2 % 1 1=0,---,J-1 2
W b,

where hﬁi') is the complex channel gain of |-th delayed
path from transmit antenna i to receive antenna j and

J is the total number of delay paths.

The delay profile between transmit antenna i and receive
antenna j is shown in Fig. 4, where the maximum delay
timeis (J-DArz.

The transmit symbol vector, the receive symbol vector and
the receive noise vector at symbol time k are expressed as
follows.

Transmit symbol vector at symbol time k :

T i T
Xk :(Xk,zc ""le,q!"'le,l) , Xk,q :(Xl(j)q ’“"Xl(<,)c| v"':X;(("};))
Receive symbol vector at symbol time k :

T ; e T
Y= (Vize 5 Viear s Yiew) + Yiea = (Vw0 Y o Wi ) p(3)
Receive noise vector at symbol time k:

- ’ —(n® (i) (n))"
Nk _(nk.ZC "“Ynk.qY""nk,l) 'nk,q _(nqu '”"nk,q Y'”'nk.; )

where the element vector X, , in X, isthe sampled

(0)
h, oo
i hjl(Z)
AT h O
........ i
by
0 Ar 2Ar I -DAr

Fig. 4 Delay profile between transmit antenna i and receive antenna j on
MIMO frequency selective channel
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transmit vector at time (q—1)At in symbol time k with
g=1~2c and At=T,/(2c) . Accordingly, one symbol

duration T, is sampled at every small time interval At.
For example, 16 (=2c) sample vectors
Xcg6 1°* Xyqr'* X,y are obtained for X, . Also x{". in

X, is the sampled transmit symbol from transmit antenna
i attime (q-1)At insymbol time k. Y, in Y,, o
in Yoo, Ny in N, and nl’, in n_ have the same
meaningas X, in X, and x!) in X,.

The transmit and receive equation is expressed as

T T

(Yk+(L—1)""’Yk) = H(Xk+(L—l)""’?r(k""'xk—(L—l)) (4)

+(Nk+(L—1)""'Nk)
where L is L=[(J-DA7/T,]+1 and [x] denotes the
minimum integer number greater than or equal to x.

(L-1)T, also means the maximum symbol delay time.

We further illustrate the transmit and receive equation in
detail by setting nr=ng=2, L=2 and J=2c for
simplicity of explanation.

The glement y(pl,),?fy(p,f;, p=k,--, k+(L-1), q=1---,2c
of receive vector yJ in (3) are represented as follows.

y(pl)l = {hu p.l +h11) p-1,2¢ +"'+h1(1ZC71)XE)111,2} \

0 € 2c-1) (2 1
+{hl(2)xp,1 + hlZ Xp—l,Zc oot hl(zc )X(p-)l,z}+n53,)1

1 0),,(1 1) (1 2c-1) (1
y(p,)Zc ={h1(1)X( )2c +hl(1)X(p)20—l+“'+hl(lc )X(p)1}

0 1 2c 1 2
+{hl() E)2c+hl) p2cl+ +hl )XE) } p20> (5)
y(pz,i)l:{h +h21 p12|:+ +h201X112
{hgtz) 2) + hzz p- lZc +oot th)szfl,z } + nﬁ
2 0 1 1 1 2c-1 1
y(p,)ZC = {hl(Z)X(p)Zc + hl(z)x(p)chl +oet hl(Z )XEJ)l}
+{h( p20+h22 pZC LA+ hE 1)xﬁfl)} n(pz;c}
Here we elaborate on the elements x,E} v ,XS,)ZC of the

transmlt symbol vector xlﬁ) from transmit antenna 1 and
X% -, x%), of the transmit symbol vector x(? from
transmlt antenna 2. The channel responses of transmit
symbol vectors xf(l and xk spread over the recelve
symbol vectors Y\ ,- Yk+(|_ 5 and v - yk+(L -
with the maximum symbol delay time of (L DT, as
illustrated in Fig. 3. In order to detect the transmit symbol
vectors x,ﬂl) and x,(f), the 1Sl components due to already
detected symbols from symbol time k-(L-1) ~ k-1

ca(r11) be mremoved f(rgm the receive vectors of
Yo v Yoy and Y7o Vi - The ISI cancelling
vector Y, atsymbol time p isexpressed as

T
Y, =(99 o 9 ) L p=kee ke (L-D) (6)
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where y(‘)—(yﬁm, ,ypl) is the element symbol
vector for cancelling the ISI at receive antenna | at
symbol time p. Using the already detected symbols during
k—(L-1) ~k-1 symbol period, Y, in(6) is derived as

T
L symbols
/_J%

(YMH),...,Vk)T =H|0,--,0, X, ",

p
(L-1) detected symbols

X k—(L-1) (7

where X, p=k-1--,
detected results. Next, using Yy, 4,
is cancelled as follows.

Y, =Y, -Y,, p=k,,

k—(l_—l) are the already
Y, in (7), the ISI

k+(L-1 (8)
where Y

, Is the receive symbol vector after the ISI
cancellation. Using the transmit signal X, receive noise

N, and residual ISI component &
Y,, p=K,---,k+(L-1) in(8)is also represented as
L symbols (L-1) symbols\T
" AT —_—
(Yk+(L71)""’Yk) =H Xk+(L—l) Xy, 0,-4,0 (9)

T T

+(Nk+(L—1)"“’NK) +(8k+(L—1)"“’8k)
The residual ISI component &, is 0, if the past decision
results are correct. Also when the ISI cancellation is perfect

and there is no noise, i.e., =0, it holds
L symbols (L-1) symbols T
A AT —_——t ——
(Yk+(L—l)"”’Yk) =H Xk+(L—l)'”'Xk' 0,---,0 (10)
where X, .0, X, are transmit signals to be

determined.

The transmit signal vector X, at the present symbol time
k is determined so as to minimize the squared Euclidian
distance metric as shown below.

L symbols (L-1) symbols T
AT —_——t —
Yk) -H Xk+(L—1)”'YXkY 0,0

11)
The above equation is the MLD criterion by which all the
transmit vector patterns of X, ,---, X, are searched to
determine the transmit vector X, at symbol time k. In
minimizing the metric in (11), all the L transmit vectors
from symbol time k~k+(L-1) are simultaneously
searched, however only the transmit vector X, at symbol
time k is determined as the demodulated output.

The BER characteristics of the proposed MLD with ISl
canceller and the previously proposed FDE with CP are
simulated under the simulation condition in Table Il. The
delay profile between each transmit and receive antenna is
shown in Fig. 5.

We show the BER results in Fig. 6. From Fig. 6,
comparing with the FDE scheme with CP, the proposed
MLD with ISI canceller achieves the gain of 13 dB at

X, = argmin

Kia(ray o Xy

(Yk+(L—1) [
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TABLE Il SIMULATION CONDITION IN FIG. 6

Modulation M-ary FSK (M=4)

Modulation index h h=0.7

Channel model between Tx
and Rx antenna

Quasi-static Rayleigh fading channel with
equal power 16 paths

Interval of delay Az Ar=T./8

Number of antennas SISO:1x1, MIMO:2x2

Channel estimation Perfect at receiver

Signal separation and MLD with ISI '.:DE'CP (MMSE.)
equalization canceller with energy detection
[2]-[4]. [7]. [8]
Number of divisions in one 2 =16
symbol: 2¢ (T, = 2cAt) -
[Transmit block length _
NST; 4T5 (Ns _4)
Length of ZP or CP 2T, (ZP) 2T. (CP for FDE)
FFT size: 2cx N 64
0 1 2 i 15 i
Y i) Vil i By '
e 00 : e o0 i
At = T 1 i
8 : :
o Loz : 1 g
8 8 s 3 s

Fig. 5 Delay profile of multipath channel between each transmit and
receive antenna in for Table Il and Fig. 6

BER =10" for 1x1, and 16 dB for 2x2. Thus the
proposed MLD with ISl canceller achieves far better
equalization and signal separation capability than the
previously proposed FDE scheme with CP. By removing
the ISI caused by the symbols already detected, the MLD
over L symbol span becomes available regardless of the
block length. The long block length of NgT, circumvents
the degradation of transmission rate due to the insertion of
ZP into the block.

1.E+00
~#—Conventional 2x2 MIMO
1.E-01 4 FDE with CP
T
S o= Conventional 1x1 SISO
1.E-02 + ;
H FDE with CP
I
& 1.E-03 Proposed 1x1 SISO
« \ ISl canceller with MLD
o
LE-04 =>&=Proposed 2x2 MIMO
ISl canceller with MLD
1.E-05
0 10 20 30
Average Eb/NO [dB] per receive antenna
Fig. 6 BER characteristics of 4FSK (h=0.7) on MIMO quasi-static

multipath channel
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I1l. MIMO MFSK RECEIVER USING M ALGORITHM
WITH ISI CANCELLER

In the receiver structure proposed in section IlI, the ISI
canceller reduces the amount of calculation in MLD.
However, the complexity of MLD is still high when the
number of transmit antenna n; and the maximum symbol
delay time of (L-1)T, become large. This is because
when (L-1)T, is large, the symbol vector X, detected
at the symbol time k influences L future symbols, thus
the MLD window size L over the transmit symbol vectors
X Xy becomes large. In this section, we replace
the MLD by the M algorithm to further reduce the amount
of calculation in MLD. The M algorithm is the
representative of breadth first search algorithms for the tree
structure. Based on the MLD criterion in (11), the MLD
metric is defined as

L symbols T

A~ A ——t ——
Y Y| —H|X < X,, 0,--,0 (12)

k+(L-1)" k+(L-1) ©

L symbols (L-1) symbols U

Now, we define the receive replica vector \fp’ ,
p=Kk,-,k+(L-1),as

L symbols T L symbols (L-1) symbols U
Y 71 7 (13)
Yk+(L—1)"“'Yp"”’Yk =H Xk+(L—l)'“’Xk' 0’...,0

where \fp' means the receive replica vector when assuming
there is no ISI from the past symbol vectors transmitted.
Using \fF; in (13), we can simplify eq.(12) as follows.
k+(L-1) R 2
>N,
Then we define the cumulative metric from the symbol time
k to i(=1---,L) as
k+(i-1) R 2
5,
The cumulative metric in (15) at i =L coincides with the
MLD metric in (12). The above cumulative metric can be
used as the likelihood criterion to determine the candidates
of transmit symbol vectors up to i, i.e, X, ;. X,.

Using this cumulative metric, the transmit symbol vectors at
each step i are selected from the total M (parameter of

M algorithm) candidates. The parameter i is increased at
each step. The total number of searches in M algorithm
becomes {l+(L-1)M_}xM™ , where M is the number
of modulation levels. On the other hand, the total number of
searches in MLD in section Il is M™- . By using M
algorithm, the total number of searches are reduced greatly,
because the parameter of L is not included in the
exponent.

To illustrate the M algorithm in the proposed scheme in
detail, we show the case of n, =n; =2, L=3, M =2

(14)

(15)
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Based on the transmit symbol candidatesin this region, the receive symbol
replicas in this region are generated and the cumulative metric is calculated.

Fig. 7 Example of transmit and receive blocks (n, =2 ,L=3,M =2) in

M algorithm
Tx1 Tx2
Txl Tx2 Data Data
Data Data (k) (k)
(k+i-1) (k+i-1) 0 0

o
=)

1
1 1 0 o
1 0
0 1
11

Branches for calculating the cumulative path

. metric in the next ste
Survival pathsselected based P

on the cumulative path metric

Fig. 8 Example of path selection in M algorithm (n, =2 ,L=3, M =2,
M, =2)

and M, =2 in Fig. 7 and Fig. 8, as an example for
simplicity.

<Step1> Calculation of cumulative path metric at i =1(Fig.

7)

<Step2> Based on the cumulative path metric at i=1,
M.(=2) survival paths in the tree are selected.
(Fig. 8)

<Step3> By increasing i one by one and repeating the
step 1 and 2, the transmit data symbols with the
survival path having the minimum cumulative path
metric are determined at i=1L.

Using the above mentioned M algorithm, the BER
characteristics of proposed detection scheme, ie., M
algorithm with ISl canceller, is simulated with the
simulation condition listed in Table 11l and is shown in Fig.
9. The delay profile between each transmit and receive
antenna is the same as in Fig. 5.

From Fig. 9, the BER characteristics near MLD are
obtained with the value M_ =16 with less amount of
calculation. Accordingly, we can say that the BER
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Table 111 SIMULATION CONDITION IN FIG. 9

Modulation M-ary FSK (M=4)

Modulation index: h h=0.7

Channel model between Tx
and Rx antenna

Quasi-static Rayleigh fading channel with
equal power 16 paths

Interval of delay Az Ar=T_ /8

Number of antennas MIMO 2x2

Channel estimation Perfect at receiver

Signal separation and

S M-algorithm/MLD with ISI Canceller
equalization

Number of divisions in one

symbol: 2c (T, =2cAt) 2¢ =16
[Transmit block length _
N,T. 4Ts (Ns —4)
Length of ZP (L-DT, =2T,
1.E+00
—&— |SI canceller with
M-algorithm
1.E-01 (Mc=4)

- IS canceller with
M-algorithm
(Mc=8)

P

1.E-02
ISI canceller with
M-algorithm

1.E-03 \
\ \ (Mc=16)
1.E-04 3 \
=>&=|S| canceller with
Full MLD
0 1

0 5 1

1.E-05

5 20
Average Eb/NO [dB] per receive antenna

Fig. 9 BER characteristics of 4FSK (h=0.7) on MIMO 2 X2 multipath
channel

characteristics approaching the MLD are achievable by
selecting the appropriate value of M_.The amount of
calculation of MLD is proportional to M™" , while the one
of M algorithm is M™ . Thus, we can cope with the
channel with large symbol delay time of (L-1)T, and also
can handle the larger modulation level of M .

IV. EVALUATION ON AMOUNT OF CALCULATION IN
MIMO FSK RECEIVERS

The amount of calculation in MIMO MFSK receiver is
estimated through the number of complex additions and
multiplications for demodulating one transmit symbol. In
Table 1V, the numbers of complex additions and
multiplications per one symbol for MIMO FSK detection
schemes are shown, where we set n, =n; and the
approximation of Ng>L is assumed with the
notification of

A=2c(2-J-n; +3), B=2c(2-J-n;)L (16)

Under the condition in Table IV, the comparison of amount
of calculation is evaluated and is shown in Fig. 10. When
comparing the MLD with ISI canceller to the M algorithm
with ISI canceller in Fig. 10, the amount of calculation of M
algorithm with 1Sl canceller is far less than the MLD with
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ISI canceller. Although the FDE with CP is superior to other
two schemes in complexity, the BER characteristic is
inferior to the other two. Considering the moderate amount
of calculation at the receiver and the excellent BER
characteristics, the proposed M algorithm with ISI canceller
will be considered as the best choice.

TABLE IV NUMBER OF COMPLEX ADDITIONS AND
MULTIPLICATIONS PER ONE SYMBOL TO BE
DETECTED
10log, (2¢c-N
FDE with CP 20| 10100 (20N )
+2n,% +2n, -13
MLD with S| .
canceller ALM™" +B
ISI canceller with s 1,2
M.algorithm A-M {1+MC»Z(L +L—2)}+B

TABLE V CONDITIONS FOR EVALUATING THE AMOUNT OF
CALCLATION IN FIG.10

Modulation
Modulation index: h
Channel model between
Tx and Rx antenna
Interval of delay Az
Number of antennas
Channel estimation
Number of divisions in

M-ary FSK (M= 4)
h=0.7
Quasi-static Rayleigh fading channel with
equal power 16 paths
Ar=T./8
MIMO 2x2
Perfect at receiver

1.0E+03

one symbol: 2c 2¢c =16
(T, =2CAt)
Length of ZP or CP 2T,
Transmit  block length N. =8
N.T, s
1.0E+08
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1SI canceller
B L0e with full MLD
8 ° ———
Z*% € 10408 / et
T >
s > / =+=ISI canceller
8 5 108405 with M-
%E algorithm
Q.2
w O 1O0E+04
2=
S g FDE with CP
£
<

1.0E+02

o 2 4 6 8 10 12 14 16 18
M. (Parameter of M algorithm)

Fig. 10 Amount of calculation at the receiver (MIMO2X 2, Az=T_/8)

V. CONCLUSIONS

We have proposed the MFSK receiver structure using M
algorithm with ISl canceller on MIMO frequency selective
channels. Our previously proposed receiver structure
utilized the FDE with CP for signal separation and
equalization before the demodulation of MFSK signal
followed by energy detectors, however the BER
characteristic of FDE scheme with CP was a little bit poor.
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To improve the BER characteristics of FDE with CP, we
have investigated the receiver structure using MLD with ISI
canceller which has the excellent BER characteristics.
Although the MLD with ISI canceller exhibits the excellent
BER characteristics, the amount of calculation at the
receiver, which increases exponentially with the number of
transmit antenna n, and the MLD window size L,
becomes large and is difficult actually to be implemented.
In order to solve the complexity problem, the MLD is
replaced by M algorithm. By selecting the appropriate value
of M algorithm parameter M_, the BER characteristic
approaches the lowest value achievable by MLD. In the
proposed M algorithm with ISI canceller, the receiver
complexity increases exponentially only with the number of
transmit antenna, thus we can reduce the receiver
complexity. Accordingly the proposed receiver can cope
with large delay time of multipath channels. We have
developed the MIMO FSK receiver with low BER and
modest complexity, which will be effective to increase the
transmission rate of conventional SISO FSK channels. As a
future study, the measurement of channel state information
at the receiver will be needed to assess the actual BER
degradation for practical applications.
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