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Abstract. A multiple-input multiple-output (MIMO) wire-  modulation. At the MIMO CPM receiver each receive an-
less transmission system with continuous phase modulatiotenna receives a linear superposition of all transmit signals.
(CPM) is considered. A novel MIMO CPM receiver with However these receive signals are not a linear superposition
incoherent modulation is presented. The incoherent demodef the training symbols. The training symbols have to be
ulation of CPM allows an uncomplicated handling of a fre- inserted into the transmit signal prior to the nonlinear modu-
quency offset compared to coherent approaches requiring exation. The circumstance is explained in detail later on.

act knowledge of the carrier frequency. Blind signal separa- Binary CPM signals can be represented as a sum of a fi-
tion (BSS) is applied in the proposed MIMO CPM receiver pjte number of amplitude modulated pulskagrent 1986.
to separate the signals without any knowledge of the MIMO Using the decomposition inaurent(1986 a layered MIMO
channel. The BSS permits the demodulation of each S€Pasystem with binary CPM signals is proposedimao and Gi-
rated signal by an incoherent CPM demodulator. For ba”d‘annakis(zooa. The system irzhao and Giannaki€2005
width efficient transmission partial response CPM and non-is 3 coherent demodulator which requires exact knowledge
binary modulation is applied. The applicability of the pro- of the carrier frequency. The demodulation has a very high
posed system is verified by simulation results. complexity due to the representation of CPM signals by am-
plitude modulated pulses. In the MIMO CPM receiver in
Zhao and Giannaki$2005 the perfect knowledge of the
MIMO channel is assumed. The practical realization of
any MIMO CPM system requiring knowledge of the MIMO
Continuous phase modulation (CPM) offers a remarkabIeChann?I in t_he r_eceiver is guestionable as training based chan-
amount of benefits. The constant envelope is well suitablenel estimation is not applicable for MIMO CPM systems.
for high frequency components. Incoherent demodulation Space-Time Codes for MIMO CPM are proposed with its
of CPM allows an uncomplicated handling of frequency off- design criteria inZhang and Fit22003, a soft decision it-
sets compared to coherent approaches requiring exact knowgrative receiver is describedtang and Fitz2002. The
edge of the carrier frequency. Multiple-input multiple-output System inZhang and Fit2002) is a coherent demodulator
(MIMO) systems provide higher data rates that data-demanwhich requires exact knowledge of the carrier frequency. The
ding applications require. Applying continuous phase modu-MIMO CPM receivers with Space-Time Codes have a high
lation in wireless MIMO systems provides the opportunity to COmplexity.
combine the benefits of higher data rates with the capability In this paper a MIMO CPM receiver with an incoherent
of incoherent demodulation. As CPM belongs to the class ofdemodulation of the CPM signals is presented. Blind sig-
non-linear modulation schemes the separation of the mixedhal separation (BSS) is applied in the MIMO CPM receiver
receive signals is a well-known challenge. to separate the transmitted signals. A carrier frequency mis-
Training based channel estimation is not directly appli- match in the receiver can be handled by the BSS. The BSS
cable for MIMO systems with continuous phase modula- permits the demodulation of each separated signal by an in-
tion. Regarding the training symbols for linear modulation coherent CPM demodulator. On the separated signals clas-
schemes the principle of superposition holds. This is not thesical algorithms for timing and carrier frequency synchro-
case for nonlinear modulation schemes like continuous phasrization can be applied. In the proposed MIMO CPM re-
ceiver neither any knowledge of the MIMO channel nor the
exact carrier frequency is required. The system can cope with

Correspondence taD. Weikert any modulation filter and is not restricted to binary modula-
BY (oomke.weikert@hsu-hamburg.de) tion. For bandwidth efficient transmission partial response
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Fig. 1. Proposed wireless MIMO CPM system with incoherent demodulation.

Blind Signal

S1 Incoherent Resolving of >
. CPM Demodulator

. Permutations
Separation . . < [P/S—>

Incoherent
CPM Demodulator

using

by ICA

the Preambles

CPM and non-binary modulation is applied. As the order of with modulation index, the transmit filteg (), the symbols
the transmitted signals cannot be determined by blind signad/ (/) and the symbol interval'. The discrete CPM modulator
separation the permutations are resolved by transmission a§ given in Fig.2. The symbolsi(!) are taken from thé/-ary
preamble symbols. alphabetd(l)e{+£1, £3, ..., (M —1)} with M even.

The paper is organized as follows. The MIMO system and Before pulse shaping the symbols are upsampled by the
the MIMO channel model with the frequency offset intro- factor SPS specifying the number of samples per symbol.
duced is described in Sect. 2. The MIMO receiver for con- Between two successive symbd6IB S — 1 zeros are inserted.
tinuous phase modulation with blind signal separation andThe transmit filter
incoherent demodulation is presented in Sect. 3. Simulation 1 < ok

{ 1- cos(

results are givenin Sect. 4. Asummary and conclusion marks o) = { 2L-5PS L-SPS)) O<k=L-SPS

can be found in Sect. 5. elsewise
@)

e is a raised cosine impulse (L-RCArfderson et al.1986
2 System description with the length of the impulsé in symbol intervals. The
21 MIMO CPM transmitter transmit filter fulfills the normalization condition

L-SPS 1

We consider a MIMO wireless system with; transmit and PIRIGES > (5)
Ny receive antennas (see Fi). The serial bit stream is k=0

split into Ny parallel substreams, one for every transmit an-A full response CPM has a transmit filter of length=1.
tenna. The substreams are organized in frames. Each framgith overlapping transmit pulses that is a transmit filter with
of length Ny consists ofN; payload bits andVp preamble  L>1 the scheme is denoted as partial response. By intro-
bits. The preamble sequences are orthogonal to each othetucing symbol interferences a higher bandwidth efficiency
The CPM modulators generating the transmit signals are deis obtained Anderson et a).1986. After pulse shaping the
scribed in the next section. The signal substreams are subseignal is multiplied by 2/ and integrated.

guently transmitted over th&7 antennas at the same time.

The symbol transmitted by antenmaat time instantk is 2.3 MIMO channel

denoted by, (k)=e/#»® The transmitted symbols are ar-

ranged in vector The non-frequency selective MIMO channel can be de-

scribed by a complex channel matrix
— T
s(k) = [S;(k), SNT.(k)] 1 hi1 -+ hing
= [/ 0 edony (T H=| : - (6)
of length N7, where(-)” denotes the transpose operation. fiNg1 s PNy
of the dimensionVg x Ny. We suppose that the channels re-
2.2 CPM modulator main constant over the transmission of a frame and vary inde-

) ) ) . endently from frame to framélock fading channgl The
With continuous phase modulation (CPM) a constant signakjementg;,, ,, are complex random variables with a Gaussian

envelope with a continuous phase are obtained. The CPMjisiribyted real and imaginary part, zero mean and variance
signal is described bjinderson et al(1989 o2. The element, ,, includes also the direct component
with the amplitudep, ,, and the powep? ,, =cg-0?, where
cr is the Rice factor.

The channel energy is normalized by the condition

E “hnmyz} =p2 ,+0%=1. We assume additive white

!

o(r) = 21h /t Zd(i)g(r —iT) dt 3) Gaussian noise (AWGN) with zero mean and variange
0 i=0

s(t) = el (@()+¢0) 2)

with an arbitrary phase offsep and the instantaneous phase

per receive antenna.
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Fig. 2. CPM modulator.

Discrete Integration

k s(k
»9() ()>

z

2.4 Frequency offset does not require any knowledge about the frequency offset.
As the order of the transmitted signals cannot be determined

The discrepancy of the carrier frequency at the receiver frompy blind signal separation preamble sequences are transmit-

the one used at the transmitter is specified by the frequencied to resolve the permutations. Subsequently the transmitted

offset Af. The impact is described in the continuous casesignals are extracted from the frames of Mg parallel sub-

by the multiplication of the signal by/?™ 2/ 1, By sampling  streams.

of the signal the frequency offsetf is related to the sam-

pling frequencyfa=1/T4 and the normalized frequency off- 3.1 Blind signal separation

setAF=Af/f4a€[—0.5,0.5] is introduced. Due to the sam-

pling theorem the determinable range of the frequency offse8-1.1  Whitening

is limited to[— 2, +£4]. o _
The whitening transformation

2.5 Receive signals

z=Vx=VHs 9)
The symbol received by antennat time instant is denoted
by x, (k). Calculation ofx, (k) can be expressed as a discrete
sum s(k) = /"2 K s(k) (10)
5, (k) = /AR s, (k) (1)

Nt
X (k) = e/ AFE N "y I OO0 (), (7)
m=1 and the linear transformation matrix (Hyvarinen et al.
) ) 2007 of dimensionNy x Ng decorrelates the observed mix-
with ¢, (k) as a function of the symbol&() whered(l) de-  t,resx. The number of observed mixturé is reduced to
note the symbols in front of the CPM modulatou(k) is  the number of transmitted signalg-.

the additive white Gaussian noise at time instantAs the
receive signals;, (k) depend in a nonlinear manner on the 3.1.2 Independent Component Analysis
symbolsd (1), linear methods for channel estimation are not

applicable. Independent Component Analysis (ICA) separates the ob-
The symbols received by thé; antennas are arranged in served mixtureg of the mixing model
a vectorx (k)=[x1(k), ..., xn, (k)17 of length Ng, which

can be expressed with Eq4),((6) andr (k) as noise vector z=VHs (12)

of lengthNg as into the symbolss, called independent components (IC),

while the mixing matriXVH is unknown.
Using ICA the following assumptions holdHyvarinen
et al, 200)):

x(k) = /AR H s(k) + n(k). (8)

3 MIMO CPM receiver with incoherent demodulation — ICs must havenongaussiamlistributions (e.g. leptokur-

The MIMO receiver for continuous phase modulation in tic or platykurtic)

Fig. 1 uses blind signal separation to estimate and separate — |Cs have to be statisticalipdependent
the independent components, i.e. the transmitted signals. The

blind signal separation is performed at the sampling yate — ICs are assumed to have zero mean
which is by the factoiS PS higher than the symbol rate. A
frequency offset is supposed. Each separated signal corre-
sponds to one of th&/7 transmitted signals. The BSS per-
mits the demodulation of each separated signal by an incoThe below-mentioned ambiguities regarding the estimated
herent CPM demodulator. The incoherent CPM demodulatoiCs remain Hyvarinen et al.20017):

— The number of observed mixtures has to be at least
equal to the number of ICs

www.adv-radio-sci.net/6/101/2008/ Adv. Radio Sci., 6, 11015; 2008



104 O. Weikert and U. dlzer: A wireless MIMO CPM system with blind signal separation for incoherent demodulation

Downsampling Effect of Equalizer of
Frequency Discriminator Receive Filter to Symbol Rate Frequency Offset Transmit & Receive Filter
(k) ; @(k) Removing of Symbol to Bit
ﬁ Im{L]f)} g(/{?) > Sps ‘ - emoving o > MLSE o | Symbo Ao el
(k) constant component Mapping
1
2mh
Fig. 3. Incoherent CPM demodulator.
— The estimated ICs can be arbitrarily permuted Using a partial response CPM with overlapping transmit
_ pulses the received signal has to be equalized. For the equal-
— The phases of the estimated ICs are unknown ization of the overlapping transmit pulses a maximum likeli-

Th . fth timated IC b hood sequence estimation (MLSE) implemented as a Viterbi
B d te vanandces (energy) of the estimate S can no eequalizer is used. For a full response CPM no equalizer is
etermine needed since no overlapping transmit pulses are existing.

Ordinary complex ICA algorithms like JADEC@ardoso
and Souloumiacl1993 Hyvarinen et al. 2001 are applied
to obtain estimates of the separated sigfigl&). The ICA
algorithms compute the unitary matrid” to calculate an
estimate

3.3 Resolving permutations

The ambiguities left by blind signal separation are solved by
orthogonal preamble sequenc®gefkert and Dlzer, 2006.

" " The preambles are the orthogonal rows of a Hadamard matrix
=W"z=W"VHs (13) Sp. Hadamard matrices are binary orthogonal matrices. To

of the independent components. As the channel is assumegfisure the orthogonality the preamble length per trans-
to be a block fading channel the received data is processed it antenna should b¥»>N7. The received preambles are

frames. Recalling the restrictions of ICA, the estimated ICs€xtracted and inserted line by line in the matsix. A hard
are arbitrary permuted. decision is applied, subsequently the preamble matrix is la-

beled asSp. The unitary cross correlation matrix

>

3.2 Incoherent CPM demodulator 1
: o Rgs= ——SrSE, (16)
The incoherent CPM demodulator is given in F&. The Np
frequency discriminator demodulates the receive signal. The " . »
receive filter corresponds to the transmit filegk) in Eq. @). ~ Where ()” denotes the complex-conjugate (Hermitian)
The receive filter is followed by the downsampling to sym- transpose, will be_an_ |_dent|ty matrix if no ambiguities exist.
bol rate. The impact of the frequency offset can be elimi- EISéwise the ambiguities are resolved by
nated by removing the signals constant component. The con-
stant component is estimated and subtracted from the signal.
Based on the receive signalr)=s(t)-¢/2" /! the signal
after the frequency discriminator can be written as

—1 A A
s(k) = Ry - 8(k) = RE, - 8(k). (17)

4 Simulation results

Im{ j%} The simulations are performed using a non-frequency selec-
, . tive MIMO system with a line of sight between the transmit
.. 2 Aft : 2rAft 14 ) . . .
— |m{ 1£@s0e’ S([):j“z,(fi},sze/ } 4 and receive antennas. Thereby the Rice coefficient is chosen
=@@)+2r Af to becg=1. For the MIMO CPM systerM =4-ary symbols,

a modulation indexx=0.5 andS P S=8 samples per symbol
are chosen. The blind signal separation is performed with the

. . _ 1 . .
with ¢(1)=27h 3 ;_od(1)g(r 'T.)' The frequency offset JADE algorithm,Ny=100 symbols per frame i.e. 800 sam-
causes a constant component in the demodulated signal. n

the discrete case the signal after the frequency discriminato[?Ies per frame. For 2 and 4 transmit antennas—Z_and
4 preamble symbols per antenna are used respectively. The

follows to discrete differentiation is performed by a FIR filter of order 3.
x (k) . In Figs. 4 and5 one can see the Bit Error Rate (BER)
Im{ %} =¢(k) + 27 AF (15)  versus the Signal-to-Noise-Ratio (SNR) for the MIMO CPM
system with incoherent demodulation. The results are shown
with the normalized frequency offsatF . for a normalized frequency offset af F=0.05 and for zero
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Fig. 4. Bit Error Rate (BER) versus the Signal-to-Noise-Ratio Fig. 5. Bit Error Rate (BER) versus the Signal-to-Noise-Ratio
(SNR) for the MIMO CPM system witlV7 =2 transmit andvp =4 (SNR) for the MIMO CPM system witltv7 =4 transmit andVz =6
receive antennas. receive antennas.
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