Adv. Radio Sci., 4, 189195 2006 :

www.adv-radio-sci.net/4/189/2006/ A(_:Ivanges in
© Author(s) 2006. This work is licensed Radio Science
under a Creative Commons License.
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M. Mailand, R. Richter, and H.-J. Jentschel
Dresden University of Technology, Institute of Traffic Information Systems, 01062 Dresden, Germany

Abstract. Within current implementations of mobile ter- partially onto the wanted signal during the IF-down con-
minals, more and more analog components are replaced byersion, {alkama et al.2007). Within an homodyne, di-
appropriate digital processing. On the one hand, the anarect conversion or zero-IF reception, 1Q-imbalance leads to
log front-ends become less complex. On the other handa distortion of the 1Q-signals themselves within the respec-
more digital signal processing is required to compensatdive wanted channel. For both frequency down conversion
for the spurious effects of the front-end. In this arti- concepts, the IQ-imbalance is a serious issue degrading the
cle, the frequency-selective imbalance of the in-phase andeception performance. This spurious effect occurs mainly
quadrature-phase signals is addressed. A closed representite to amplitude- and phase-impairments between the local
tion of arbitrary signals being processed by an arbitrary im-oscillator paths as well as due to mismatches between the
balanced analog front-end is provided. The analysis is validrespective 1Q-branches after the analog down conversion.
for both, direct conversion and intermediate frequency (IF) For the case of wideband transmission, the anyway distort-
reception. With the consideration of practical variations of ing 1Q-imbalance mixing becomes an 1Q-imbalance convo-
amplitude and phase impairments, the influence of only theution, due to the frequency selectivity of the analog front-
frequency-dependent portions of the impairments is invesend components after the down conversion. Thereby, es-
tigated. It is shown, that the compensation of the quasi-pecially different impulse responses of filters and IF- or
linear impairments is sufficient and complex deconvolutive baseband-amplifiers have significant influence.
IQ-regeneration procedures are not stringently required to For direct conversion and IF-conversion, we will show
obtain sufficient signal qualities. for transmissions utilizing wideband signals, that the impact
of the 1Q-imbalance convolution or the frequency selectiv-
ity of the components, respectively, has not to be considered
stringently. Mainly, the mean values of the phase- and am-
plitude impairments of the IQ-imbalance convolution cause

In modern mobile communication receivers. more and mordNost of the signal distortions. Therefore, it will be sufficient
analog components are replaced by digital building blocks f0 compensate for the frequency-selective IQ-imbalance con-

One the one hand, this leads to less circuitry effort (chipVelution with methods primarily developed for ‘simple’ 1Q-
size, power consumption, etc.) in the analog domain. On thdmPalance compensation, e.g. by utilizing blind source sepa-
other hand, additional digital signal processing is required infation (BSS) algorithms Qardoso et &].1998.
order to remove spurious effect of the sub-optimum analog
front-end. .

In this article, we investigate a certain type of ana-2 Receiver front-ends
log signal distortions, i.e. the in-phase (I) and quadrature- . . .
phase (Q) imbalance. For heterodyne or intermediate freThe tech!’uque qf direct down conversion (DDC) transforms
quency (IF) reception, IQ-imbalance causes the well-knownthe RF-signal directly down to baseband. For that purpose,

image problem. There, the respective image channel mixef® LO is set to the carrier frequenay.o =wgr of the
wanted channel. Due to temperature dependencies, produc-

Correspondence tadvl. Mailand tion imperfections etc., the analog components in the I- and
(mailand@vini.vkw.tu-dresden.de) Q-path can not be perfectly matched. The amplitude as well
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the impairments, we get:

Frequency
Down-
o s (1) Conversion
% > (Mixing incl.
LNA Amplitude & Phase
Errors of the LO-

» / 1 .
WG = S e Ma- (1) cosien) +se(0sinen)  (2)

1 .
k) = 582 (—Sl(k) sin(gz) + sg (k) cos(goz)) : (3)

So(k)

In general, the Egs2f and @) can be rewritten in a ma-
trix form to consider all possible, linear imbalances (except
DC-offsets):

b oae [ ]  [A1 B1] [s1(k)

Z=As= [z/Q(k) =42 B2] |so0) | @

We consider to have arbitrary gain and phase impairments
within each of the IQ-paths, although a relative 1Q-imbalance

was sufficient, Yalkama et al.2001). Hereupon, we define
the signal-to-interference ratio (SIR) for the 1Q-branches:

Fig. 1. General DDC front-end utilizinga) multiplicative mixing

i T . A B
or.(b) additive mixing; with imbalance of the LO-signal and path SIR; = 20- logyq | A1 | , SIR = 20- logy, | B2 | G
mismatches. | By | | A2 |

2.2 Additive mixing

as the actual phase of the respective LO-signal to the I- or
Q-path will differ from the respective optimal values result- Direct down conversion by additive mixing gained a lot of at-
ing in phasey; and amplitude;; imbalances. Therefore, the tention in the recent years. Usually, the six-port technology

ideal LO-signal changes into is applied. In the use as communications receiver the for-
mer six-port was reduced to a five-port structure. Fidllre
Spo(t) = g1-CoqwLo t + ¢1) shows the general architecture for additive DDC utilizing

—j g2 -Sin(wrot + ¢2) (1) a five-port. Clearly, the mixers (multiplicative elements in
Fig. 1a are replaced by appropriate summing elements fol-

for the distorted paths (see FiD. _ lowed by a square-law device (in general, a simple nonlinear
Independent of the respective front-end architecture, ther‘%omponent e.g. a diode). The advantages compared to the

will be different signal paths for the I-signal and the Q-signal. iixer-based concept are e.g., better robustness for RF-signal
These signal paths are also expected to be unmatched in the,ver level fluctuations, DC-offsets can be cancelled more

realistic_: case. Hence, they influ_ence the 1Q-components b)éasily and it is possible to implement broadband receivers in
an additional scaling, i.e. path mismatéh for thei ! path. a comparably simple manneR4tni et al, 2002.

For further investigations, we assume that any type of ré- The gown converted signal before analog-to-digital con-

ceiver being regarded comprises some direct current (DCyjersjon (A/D) of the front-end can generally be denoted with
offset cancellation.

The influence of flicker noise or/f-noise which is an  z,(t) = g% M; + M; - (s3(t) + sz(l))
additional serious problem especially for CMOS implemen-
tations of DDC receivers is not addressed in this paper.

rectified wave including DC-offsets
+2M; - (s1(1) gi cOg;) + 50(t) gi SiN(g;)) (6)

wanted signal components

2.1 Multiplicative mixing

Multiplicative mixing is the conventional implementation = The phase shift elementsy; and the attenua-
of direct down conversion. Here, the RF-signal is mul- tion/amplification componentsg; within the five-port
tiplied by the original LO-signal within one path (in- comprise known, wanted values as well as impairments.
phase signal, 1) and by a 90otated LO-signal in a sec- Hence, they contribute to the indeterminacy of the front-end
ond path (quadrature-phase signal, Q), i.e. in principletransmission due to spurious effects.

x(t)=LPFsgrp (@) -spo(t)}. The upper signal branch is as-  The rectified wave which comprises the DC-offsets can be
sumed not to be matched to the second path. This leads teasily removed by a simple front-end calibratidteftschel

a relative path mismatchfs. In Fig. 1a, the receiver front- 2004 or by the implementation of an appropriate front-end
end with the respective impairments is shown. After mixing, architecture ¥ailand et al, WCNC 2005.

the low pass filter (LPF) suppresses the unwanted higher fre- Therefore, we obtain measurements which con-
quency terms. Thus, almost only the 1Q-signals of interestsist only of linear mixtures of the 1Q-signals, i.e.
will be digitized. According to Figla and considering all ~ z}(k) =2M; - (s; (k) g cog;) +so (k) gi Sin(@;)) in
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Fig. 2. Schematic frequency domain illustration of the RF-signal
comprising three channels centeredatr.
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Fig. 3. Imbalanced front-end model; considering frequency-
independent and frequency-selective 1Q-imbalance; multiplicative
frequency conversion utilized.

Eg. ). In consequence, the transmission of the DDC

front-end with additive mixing is determined by translated into deconvolution methods which consider the

frequency-selectivity of the imbalance.

" (k I .

Z =As= [ZZ/ ((k))} - [ﬁl 21] [;1 ((I;())} . 7) Therefore, we need a general description of the wideband
Q 252 Q signal being affected by amplitude/phase impairments and

The phase parametegs e [0, 27) have to be different of path mismatches. F_ollowing the explanatio_ns \Mal_kama
each other, to assure a possible separation(of andsg (t), et al, 2001, we consider a multichannel received signal
i.e. to guarantee a nonsingular mixing mathix
The composition of the baseband signals or front-end mea-  S&F (1) = 2- mié(’) eXp(J'wRF”}
sure_mentsxl- (k) is _s_ystema_tically g_mixture qf I_-sig_nals gnd = 2(1) expjorpt) + 2 (1) exp—jorpt)  (8)
Q-signals for additive mixing. Utilizing multiplicative mix-
ing, the 1Q-mixture within one measuremeritk) is due to  which is centered abg - and covers a bandwidth (Fig. 2).
front-end impairments. The operatior(-)* denotes complex conjugation of its argu-
Nevertheless, although the analog processing is signifiment. In Eq. 8)
cantly different, the general description of direct down con-
version transmission, considering spurious effects, is thez(r) = sq(t) + 5; () eXP(jwrFt) + 55, (1) EX—jw; Ft)
same for both, multiplicative and additive mixing. Further- =z1(t) +j-20(t) (9)
more, an analysis of the interrelationships for IF-reception
leads to comparable conclusions. With respect to 1Q-is the general multichannel baseband signal.
imbalance, the analog front-end can be modelled indepen- Without the loss of general validity, the analog compo-
dently from the utilized technology. nents: LO-paths within the frequency down conversion stage,
The problem to be solved is how to regenerate the originabranch filters and amplifiers, analog-to-digital converters
IQ-signals without knowledge of the front-end transmission, (ADC) contribute to the respective frequency-independent or
i.e. the mixing matrixA. For that purpose, adaptive filter- frequency-selective IQ-imbalances. Hence, we can combine
ing and blind source separation algorithms can be appliedhe several components what leads to a more general front-
(Valkama et al.2001) as well as several calibration proce- end model. In Fig3, the amplitude and phase impairments
dures Hentschel 2009 for both of the front-end architec- are modelled by the relative errogsand ¢, respectively,
tures. within the mixing stage.Hy oy (w) represents the nominal
low-pass-filter (LPF) functionality which rejects the high fre-
quency components after the down conversion. Therefore,
3 IQ-imbalance - effects of amplitude/phase impair- the complex signal after the nominal LPF of the branches is:
ments and path mismatches

x() = LP Fyou{ser(®) 510
In the previous sections, we assumed to have only quasi-
linear impairments. In reality, the amplitude and phase im- =zi@®)+Jj- (g cos(p) zp(?) — g sin(p) Zl(t))
pgirments have afre'quency dependent characte'ristic. Hence, _ X1+ xp() . (10)
different parts (at different frequencies) of a single chan-
nel will be affected differently. Usually, this effect be- The transfer function#l; (w) andHg (w) stand for the actual
comes more serious with wider bandwidths. In such casesmismatch due to the frequency-selective differences of the
the known techniques of 1Q-regeneration will have to be analog components of the in-phase and the quadrature-phase
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Fig. 4. Schematic description qf) a general multichannel signal

and(b) the respective resulting 1Q-imbalanced mixture.

branch, respectively. With the use of Eg0), we obtain the

final IQ-imbalanced signal mixture as:
Z'(w) = Hi(w) X1() + j - Hp(w) X g (w)
=Zj() + ] Zpw)
= Hi(w) Z1(w)

(11)

+ ) Ho(@) - (g cos9) Zg(@) — g Sin(p) Z;(®))

= (Hi@) = j Ho() g sin@)) - Z1(@)

+j - (Ho) g cos)) Zo(@)
= A1(©) - Z1(@) + j - Ag(®) - Zo(@)

(12)

Thus, Eq. 12) is the generalized version of Eqd) @nd {7) : ) > - :
and can be used for the description of any type of imbalancedive frequency signals. With practical analog implementa-

1Q-processing front-end.

With the simplifications in Yalkama et al. 200J), the

In Fig. 4, the overlapping is shown & (w) and Z*(—w)
due to the IQ-imbalance as given in EG3). This results
in the imbalanced multichannel baseband observaticn)
shown in Fig.4b. In general, there are two possible im-
balance scenarios: for IF-reception, the image and the de-
sired signal mix onto each othe§;(= and S;,) or, within
direct conversion, the desired signal is distorted by a com-
plex scaled and complex conjugated version of its&.(
Furthermore, it should be mentioned that IQ-imbalance does
not equal the distortions of the channel affecting the re-
spective 1Q-signals in general. On the one hand, for zero-
IF reception £(1) = sq(#)), the general imbalance descrip-
tion (13) shows comparable transmission behavior like the
RF-channel. Hence, in this case, one could include the Q-
regeneration within the channel equalization, at least partly.
But, on the other hand, an IF-reception with state-of the art
analog 1Q-front-ends, can not guarantee a sufficient image-
channel-rejection before the first frequency conversion. As
result, the image channel will overlap onto the desired chan-
nel, which can not be compensated for by channel equaliza-
tion. An additional IQ-regeneration is required stringently
to recreate the orthogonality of the desired and the image
channel.

Moreover, we can define a more general version for the
signal-to-image-ratio (SIR):

2

sig = [G1@E 19)
|G2(w)|

Without a mismatch of the I[Q-branches, i.e.

H;(w)=Hgp(w), (16) turns into the relation for quasi-
linear imbalances which has already been depicted in
various articles, e.gMalkama et al.2001, Windisch et al.
2009, etc.

However, in Eq. {3) and Fig.4, the termZ*(—w) is
caused by the imbalances and represents the image aliasing
effects. Therefore, we lose the separability of the respec-

tions of receiver front-ends, th®/ R is usually in the range
of (20...40)dB. For the most of currently utilized receiv-

down converted and generally imbalanced signal can be deN9 methods (zero-IF, low-IF, wideband-IF) and usually pro-

noted as
Z/(@) = G1(@) - Z(@) + G2(@) - Z*(~o)
with

1
G1(@) =5 (A1) + 40(@))

1

:=§~(Hdw)+fhﬂw)gexm—jwﬂ

and
Ga@) = 5 - (A1@) — Ag(@))

NI NI

(Hi(@) — How) g expj 9)).
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(13)

(14)

(15)

cessed modulation schemes/orders, this image attenuation is
insufficient. In principle, a compensation for IQ-imbalance
is needed.

As already mentioned, there are several techniques to ob-
tain the required separation matrix for quasi-linear mixtures.
Adaptive filters, blind algorithms as well as test-signal-based
calibration methods are state of the afalkama et al.200%;
Windisch et al. 2004 Mailand et al, IST 20035.

For the task of retrieving the original signal out of the
convolved mixture as depicted in EqL3), different de-
convolution algorithms were proposed, e.Gatdoso et a).
1996. But, since we are aiming at simple, low-power, high-
speed and thus cost effective solutions for mobile commu-
nications, such deconvolution algorithms turn out not to be
suitable candidates to compensate for the frequency-selective
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IQ-imbalances. The reasons for that are somewhat mani-a)

b) 30
fold, e.g.:
e 03 w 20T
o
— adaptive deconvolution algorithms usually require sev- 06 = f
eral hundred up to thousands of symbols to reach their = , ER
. . . -§ )
respective equilibrium, = S0l
= 0
— this convergence process must be went through again  * | 20t
after each 'environmental’ change (significant tempera- BT S R 0771 1 72000 N R ol AL
ture change, reception-frequency changes, etc.), due to 0900 0300 03 0609 0906 03 00 03 0609
Normalized Frequency Normalized Frequency

the consequent changes within the analog 1Q-branches,

_ . : _Fig. 5. Relative frequency-dependent IQ-branch impairmen(af
_serlous mapplng_ of th_e _freq_uency r_esponse_ qf the 1Q amplitude andb) phase; the effective regions for the processed sig-
imbalances requires digital filters with a sufficient tap-

. nals are accented.
length, whereas the update of each tap has its own un-

derlying adaptive algorithm and
are in the range of 1.2° and 1...2%, respectively. Al-

— an additional digital memory will have to be imple- though there are only a few publications about frequency-
mented just only to save all coefficients for a large vari- dependent amplitude and phase impairments, we can as-
ety of reception situations. sume to have maximum deviations £#0.5° and +0.03 dB

per channel within typical GSM front-ends ar0.8° and

+0.08 dB per channel within IEEE 802.11a (WLAN) front-

ends, amongst others deduced frilakagawa et a(2004).

| der t id th ve d luti Besides the sparse citation about such measurements, it
n orger fo avol € expensive deconvolution, We propos€yqq g 14 pe valid to assume values within this range, since
to compensate only for the mean values of the general

) . almost all commercially available front-ends operate with-
frequency-sele'ctlve IQ-imbalance. , . out IQ-imbalance compensation for frequency-selective in-
Let us consider to have only a relative IQ-branch mis- g onces whereas there are definitely mismatches due to fab-
match, i.e.H;(w) =1 andHg(w) = Hp(w)/H;(w). Hence, fication process variations.

4 Practically required compensation

we obtain: Hence, if we assume to have an arbitrary compensator for
1 . the mean values of the IQ-imbalances, the influence of am-

Gi=75" (1 + Ho(w) g exp(—j ‘/’)> (A7) piitude and phase impairments is comparably marginally and
1 ‘ this only for a limited spectral part of the signal. Therefore,

G2= 2 (1 — Ho(w) g exp(j </))) - (18)  we conclude that expensive deconvolutive IQ-regeneration is

o ) ) ~notamust in order to obtain sufficient signal quality.
Further, Hyp(w) is divided into its mean values and its

frequency-dependent 1Q-deviations for both, amplitude and
phase. 5 Simulation results

Ho(w) = (gQ + DQ(w)) -exp(j (a + Da(a)))) (19) _Computq S|mglat|on have peen car_rled out to illustrate the
interrelationships of the various 1Q-imbalance sources and

with: their compensation with the overall transmission perfor-
g0 = E{|HQ(a))|} , o= E{arg(HQ(a)))} mance of the imbalanced front-end.

Within the simulation, a 16 QAM-modulated signal was
whereasE{-} denotes the expectation or mean value. Stan-transmitted over an additive white gaussian noise (AWGN)
dard IQ-regeneration methods compensate for a mixtuge of channel under the assumption to have an optimal transmit-
g0, ¢ ande for considered quasi-linear amplitude and phaseter. The receiver front-end utilizes multiplicative mixing like
impairments. If one sets thRy(w) =0 andDy(w)=0and  in Fig. 1a and thus Fig3 with a low-IF frequency con-
thus considers not to have frequency dependencies within theersion. The channel bandwidth was set to 20 MHz with
IQ-imbalance, one will obtain a relation for the quasi-linear a bandgap of 12 MHz, whereas the carrier frequency was
amplitude and phase impairments witlh andG,. Since  fzrr =500MHz and the IF was selected at 32 MHz. The
the respective algebraic expressions do not lead to further intransmission was split into blocks of 1024 symbols with each
sight, we leave it up to the recipient to recalculate the someblock comprising 64 training symbols for synchronization,
what long formulas if being interested. etc. The system used a split raised cosine pulse forming with

Nevertheless, for typical, practical front-end implementa- a rolloff factor of 0.35. Within the 1Q-paths from the LO,
tions the mean values for phase and amplitude impairmentselative impairments for amplitude and phase were included

www.adv-radio-sci.net/4/189/2006/ Adv. Radio Sci., 4, 1B35- 2006
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frequency-selective error in the 1Q-branches was modelled I-channel I-channel

by imbalanced LPF.

In Fig. 5, the relative 1Q-branch impairments are illus- Fig. 7. 1Q-constellations for different initial signal-to-interference-

ratios (S R); 16 QAM, Low-IF reception, SN R =20dB compen-

- : . . §ation of all frequency-independent amplitude and phase impair-
are additional mean values, i.e. frequency-independent iMpents jeg, o, 20, .

pairments, for the amplitude and the phase vgigh~ 0.99

(—0.087 dB) andx ~ — 1.4°. The amplitude alternates with

variations of£0.05 dB, which is approximately within the cient level for a reasonably badly imbalanced 1Q-processing
variation range of technical implementations. In order tofront-end, if the quasi-linear (mean) values of phase and am-
obtain results at a low-level limit of implementations with plitude impairments have been compensated for.

almost insufficient matching, we selected the phase to vary

with £1.5°, what is more than twice the variation within a .

typical IQ-processing front-end. 6 Conclusions

Nevertheless, it can be observed that the symbol-error—rat%ased on the general transmission of direct dow-conversion

(SER) performance of the whole system reaches acceptabl? . . .
. . . front-ends with respect to in-phase and quadrature-phase sig-
values, if the mean values for all amplitude and phase im-

pairments were compensated for §dtR — —20 dB), Fig.6. nals, a generally valid imbalance model was explained for

: : technology-independent front-ends and arbitrary frequency
Obviously, the overall performance increases as the respec: : . S .
. . . . -~ down conversion. The investigations on frequency-selective
tive frequency independent impairments are removed. Since

. . components within the IQ-branches led to the result, that the
the result for the compensation of all mean values of ampli-

tude and phase errors (concerning IQ-imbalance) is near tgompensatlon of the mean values of the respective impair-

the ideal, theoreticas E R-performance for a 16 QAM sig- mgnts ought to be sufficient for mobile communications re-
. . eiver.

nal, we can state that no further, expensive deconvolution of

the 1Q-signals is required. However, if one would do so, the AcknowledgementsThis research was supported by Siemens AG
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