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Abstract: Results of a performance analysis on a DCQPSK-OFDM system using analog BB filters is
presented. The above system configuration is typically affected by a mismatch of the I and Q paths. As
regards the transmitter side, theoretical analysis show that the mismatch can be represented by a
mismatch transfer function. The maximum amplitude/phase mismatcth of the BB filters paths and the
maximum phase error of the in-phase and in-quadrature carriers are reported.

Introduction

In this paper, a performance analysis on a DCQPSK-OFDM system is carried out. In this system, the
reference axis for each submodulator is constituted by the phase of the previous (in frequency)
submodulator'. In a system such as the Median system which is characterized by a high system clock,
analog base-band filters must be used, and the effects produced by the mismatch between the in-
phase (I) and in-quadrature (Q) filters must be analyzed. Section | describes the modem operations of
a full-digital QPSK/OFDM modem. In section 2, the add-on necessary to realize a DC scheme are
reported and the error probability is evaluated. In section 3, the effects of the mismatch between I and
Q baseband paths are examined. Finally, section 4 contains the applications and section 5 the
conclusions.

1. Description of a QPSK OFDM modem.

The Orthogonal Frequency Division Multiplex is a digital modulation scheme in which several
digitally modulated signals are frequency multiplexed. Each modulator uses the same modulation
method (QAM, CPSK or DCPSK), the same symbol period T, the same rectangular data pulse, and
carries 3 bits/symbol. The subcarrier frequencies of the modulators are spaced by Af around the

carrier frequency f,; moreover, the symbol period must be greater than 7, = 1/ 4f, and is usually
written as T, = T,+T,, in which T, is a guard time which is introduced to cope with defective symbol
synchronization and multipath. Other important parameters of the OFDM modem are the number N of
available subcarriers (a power of two) and the number N, = M, + M, < N of effectively used
subcarriers (M, is the number of subcarriers at frequencies above the system carrier, M, -1 is the
number of subcarriers below the system carrier). A full-digital implementation of the OFDM scheme,
based on the use of IFFT/FFT processors ([1],[2], Fig.1), produces a sequence of N +N, samples for
each OFDM symbol, taken exactly at frequency B, where N, = T.B is the number of samples
belonging to the prefix. Figure 2 represents the BB equivalent of the overall analog connection, in
which an eventual mismatch between the in-phase and in-quadrature paths of the transmitter is
highlighted.

In a QDCPSK-OFDM system, the samples of the complex envelope of the transmitted signal are

generated by an IFFT processor from a sequence of N, < N constellation points {C_Mz_l,.,ca..,f.'”l }.

The sequence {c,} is generated by a segmenter & differential encoder described in the next section,
from the input binary data sequence. In the present section, we suppose

! This scheme is used in “burst mode™ transmissions, in which previous (in time) OFDM symbols can be transmitted by different users.
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H pry (f)=H grg (f) = Hgr (f) and ¢ = 0; therefore, the received complex envelope, and its Fourier

Transform are given by:

k
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Fig.1 Block diagram of an OFDM modem. Fig.2 Block diagram of the baseband equivalent of the

analog TX/RX connection.

The signal y(z) is sampled at frequency B = N-Af. If the duration of the impulse response g(r) is lower
than T, the m-th FFT output, i.e. an estimate of the transmitted constellation point ¢, , is given by:
€y =G(m-Af), - My <m < M,. Therefore, the estimate of ¢,, is biased by B, = G(mA4f). In a CPSK
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scheme, the phase of f8,, may destroy the information carried by the modulation; this can be avoided
by using a differentially coherent scheme?, as described in the next section.

2. Error probability in a QDCPSK/OFDM system.

It is hypothesized that an additive gaussian noise with a symmetrical power density N, is present at
the channel output. Therefore, a complex zero mean gaussian process n(t), with symmetric power
spectrum Py(f) = 4N, is added to the complex envelope of the received signal y(r). This noise
produces an additive zero mean gaussian complex noise sample n, on each FFT output, with variance

([1]):

B .
Wi =5 Pm- A1) = 4N |HL () )

The data sequence is grouped into dibits and coded using a 4 points constellation represented in Fig.3,
to produce a sequence {p; } which is then differentially encoded to generate a sequence {g;} such that
G*n.1 Gm= Pm - Each term of {q;}, which belongs to a set of 8 values equally spaced along the unitary
circle, is multiplied by a precorrection factor %=1/Gr (fi) INCRUSTAR which equalizes the SNR on
each subcarrier, to produce the transmitted constellation sequence ¢, = q/Gi{fi). Therefore, the
received signal power, which is half the power of its complex envelope, is given by:

2 Ly 2
PR - _l.zlz_"E{ldtlz }lG‘r(fl ]ll = EZ::_M:IYQIZlGT{fk )lz = 2“ (6)

Finally, we indicate by SNVR the ratio between the received power and the noise power in a frequency
band equal to the on-air symbol rate f, = NJT, = N/T,(1+T/T,) = N.AA 1+T/T,). From (6), one has:

SNR = —L& =(1+T,/T,)

oty

|
4N Af L

If the differential co/decoding is taken into account, the estimate of the transmitted constellation point
Pm on the m-th subcarrier is:

P = i€ = (HR(f1) Gt + Pt HWHR () @ +11,,)

" ’ 3 g (8)
= Hn(fm-l)'HR(fm)'Pm +Hk(fm)'qm LU +"R(fm-l)'qm-l n, = ﬂmpm +V,

Equation (8) shows that the estimate of p,, is affected by an additive gaussian noise v,, and by a
multiplicative biasB,, = Hg(f_1)- Hg(fm) = b,,-¢/*, as in a coherent system, but now @, is usually
small. Since n, and n,., are independent and since lg,l=1, from (8) the variance of v, is:
ol = (IH,?(_,#’,,,}|2 +IHR(f,,,_,,)]2) »-4N,,|HR{f,,,){26f. Finally, since p,, = (+1+j)/J2, the bit error rate
on the k-th constellation point is:

2 In effect, a CPSK scheme requires the use of an equalization procedure, but it is prohibitive in a multi-user burst-mode operations.
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P =%B’f€(zm+)+%e’fc(zu-) (2

2
) {bm (cos@,, £ s:'im;:g.,,)}2 B |Hg(f...-|i - (cos@, £ 5ing,)’  (cos@, *sing,)’ _ SNR - (cos@, £ sing,,)

" V2o, T AR o L A TS

3. Effect of LP transmitter filters mismatch on the I and Q paths.

In Fig.2, the input sequence to be transmitted is represented by two real sequences { Iy, Iy } and

(O, Onar } which are D to A converted, filtered and cos/sin modulated. We indicate by :

| sin(zf ! B)

Galf=2 H oy (f)-Hp(f) & g1 (8) (10)
| sin(zf/B) .
GTQ(f)=§WHBTQ(f>-HT(f)<=agTQ(r) (1

the equivalent LP filters of the / and Q paths, respectively. The RF signal can be represented by:

s(t) =s.(1)- cos(2rrfpt) —54(1) sin(ZJrfpr +@)=s5/(1) cos(2:9"pr) -50 (1) sin(21g'pr)
sp(t) = s.(t) —sing - 5. (r)
so(t) =cos¢-ss(1)

N=1
‘Yf(')= Zk=—|~‘ ark 'g'n'(f—k / B)

s,(0=Y, ' O gro(t=k!B)

(12)

or by the Fourier Transform of its complex envelope s(f) = s{t)+)so(1):

N-1 " g - y
S(f) = G”(f)zt=-~ L Ll +J"’NGTQ(f)z*=_N‘ 0, - e~ i2AHE

3 Any difference between the true DAC's output pulse waveform and the ideal rect function is included in the Hary and Harg transfer
functions.
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Fig.3 Block diagram of the differential co/decoder Fig.4 SNR worsening versus a (dB), for different
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If one sets:

{Gn(f) =Gr()+G,(f) Gr(f) = (G (f)+Gro(f) 2 L}
=
GreN=GrN=Gc " |G,(5)=(6n(N~Gro())2
one obtains:
S(f)= Gr(f)z::N (ft.!;{.JQi)‘ e‘jﬁrrfkfﬂ +G¢{f)z::n (I = jQu)- e-jzxﬂfﬂ s
' : (14)

N-1 | N-l - g
=Gr(f}zk=—N‘dt ‘e jixfkiB +G£{f)zk=.,N‘dk e j2nfkiB

The previous equations show that the mismatch between the / and Q LP paths adds a conjugate
component to the transmitted sequence. Therefore, the m-th outputs of the FFT processor due to the
first and second component, are given by:

C;:”) = HR(fm)'GT(fm)'cm = HR(fm)‘GT(fm)'rm Im (15)

er(@ = He(fin) Golfin) €om = HRUfin) Gelfn) ¥ o G (16)

respeclively", and if we keep the ideal choice % = UG{f) = ¥, 3, from the linearity of the
demodulation process, the true m-th output is:

-
N=1

N-1 2 . .
* We have also used the following relation: Z Dye 1PN (' Dle‘zm’"”") =d_, =dy_,
k=0 0

k=

$ We have supposed that the IF/RF transmitting filters exibit an aritmetic symmetry around the carrier fr:quchcy.
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Ge(fm) 'Q*

m

]E HR(f) (am+Hefm) @m) (D)

where:

1S _SnD 0D Hyry (/) = e’ Hyro ()

Il 3 - A (18)
G (f) Gp(f)+Gro(f) Hpy(f)+e Hpro(f)

Equation (18) shows that any mismatch between the LP filters in the / and Q paths causes an additive
error component which depends upon a different transmitted point and on the relative difference
H.(f,,) between the two LP filter frequency behaviors (and not from the IF filter behavior). After the
differential decoding, without noise and supposing H,(fn)<<1, one has :

o = iem = HyUmeDHR ) @t + He Ginct) @) @ + He () @ m)
EG;(fm—])Go(fm ){ Pm +He(fm)'q;a-lq:m +H:(fm-l)'qu—-m_l}= (19)

= G;{fm—l )Go{.ﬂn){Y:n—IYum * He(fm)'sm + H:(fm-l)' "Tm}E ﬁmpm +o,,

where €, = ‘L::—l‘?:m =elOm, Nm =Gy = ¢/%m and d,and 6, take 8 different values,
uniformly distributed along the round angle. Equation (19) shows that the estimate of p,, is affected
by a multiplicative bias 3, and by an additive bias o, By applying the same procedure as in sec.2,

each bit-decision on the k-th transmitted constellation point is affected by the following bit error
probability :

| 1
Pm(:ym,g’m)=Zerfc(z,,,+)+zerfr:(zm,) (20)

2 __ SNR
mET 41+ T, I T,)

[I +2a,,(cosy +cos§m)]2

Finally, the mean error probability can be obtained by averaging (20) over v/, and ., which are
random variables uniformly distributed over 0-2n. Figure 4 shows the SNR worsening due to the
presence of the mismatch between the I and Q paths, represented by the corresponding value of a =
IH,(f)| (in dB) and for different values of the error probability, evaluated for az = 0. We conclude that
if a worsening of 1 dB is accepted for every used subcarrier, the maximum value of a p is -23 dB.

4. Applications

4.1 Maximum amplitude/phase mismatch between the in-phase and in quadrature filters.

The effect of the amplitude/phase mismatch between the in-phase and the in-quadrature LP
transmitter filters can be isolated by supposing @ = 0°. In this case, indicating by a = H . (f)l, one has:
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) =I[1 —Hpro(f)/ Hs‘nlf)]l =|I = Aaw(f)_ejdwsr(f)| . A“BT(f)E|Hsrg(fV Han‘fﬂ

1+ HargH Hary (D) [1+ 8agr (DD Agpr( )= are{Harg( /)] Hari (N}

Figure 5 shows the area in the{Aa g, A@uegrec)} plane for which 20 logiga <Agp. As a result, for Az =
-23 dB. a maximum phase mismatch of 8° is possible only in the presence of a perfect amplitude
matching (da= 0 dB): this mismatch is reduced to zero for an amplitude mismatch of 1.3 dB.

4.2 Effect of the phase error ¢ between the in-phase and in-quadrature transmitter carriers.

The effect of a phase error ¢ between the in-phase and in-quadrature transmitter carriers can be
isolated by supposing Hgr(f) = Hgro(f). One obtains:

1

—e
dp .=_20|0g|n!H,{f)|=20|Ogm | +e® “h

The behaviour of agg versus ¢ is shown in Fig. 6. This result can be combined with those presented
in Fig.4: when a worsening of 1 dB on SNR it is imposed, it appears that the maximum phase error is
8°.

12 w R
T —— A=-29 D s
04— —-—A=2600 | | ——
i 1‘“\& ——A=-23 4B 2 = ol
. ?: P "\\-. A=-20 4B | _r//
1 00 o O, O O il N
2 _,.:—.—.—L—— :\\ — \ - |- RN SO A | S
A W . \ /’
0 02 04 06 0B 1 12 14 16 18 2 hod 7 Saane e N M|
Aa (dB) -
" . X ‘ ! .|d‘tlfcrtl. ? 5 * "
Fig.5 Locus of the points, in the plane {Aa g4g), Fig.6 Behavior of agg versus ¢ [eq.(21)]
ﬁ'q’tde;me)l

Sfor which: 20 log,a <Ap.

5. Conclusions
In this paper, the effects of a mismatch between the I and Q transmitter paths were examined. It was

shown that the worsening effects of the mismatch can be taken into account by a mismatch function
H.(f), which must be limited for any accepted SNR worsening. On the basis of teoretical
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considerations, the maximum amplitude/phase mismatcth of the BB filters in the transmitter’s LP
paths and the maximum phase error of the in-phase and in-quadrature carriers were determined.

Future work will include mismatch effects on the receiver side.
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