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Abstract— The low-IF receiver is very attractive, because the e~ J2nfirnT
need for an analog image rejection filter is avoided. Instead, the
image rejection is realized by I/Q signal processing. However,
unavoidable imbalances between the |- and Q-branch in the | Antenna
analog part of the receiver result in a limited image attenuation. and RF

In previous work a blind I/Q imbalance compensation scheme [Front-End
for low-IF receivers was presented and its performance was e—Ji2nfrot
analyzed. However, the impact of the analog-to-digital conversio
(ADC) was not taken into consideration. In particular, the quan-
tization noise, which is unavoidable in practical implementations, Fig. 1. Architecture of a low-IF receiver with 1/Q Imbalance@pensation
has been neglected. In this paper this blind I/Q imbalance
compensation scheme is analyzed regarding to its sensitivity to
an imperfect ADC. It can be shown by means of analysis as well
as simulation, that the compensation scheme is robust against The analysis of the ADC is done in the following section IV.

ADC effects. The performance analysis is presented in section V. The final
section VI concludes the paper.

1/Q Imbalance
Compensation

eti2nfipnT

I. INTRODUCTION

A perfect low-IF receiver enables infinite image rejection I 1/Q IMBALANCE IN LOW-IF RECEIVERS
due to its I/Q signal processing [1], [2]. However, unavoid- The low-IF receiver is well known in the literature [1],
able impairments of the analog complex-valued 1/Q dow2]. The architecture of a low-IF receiver with I/Q imbal&nc
conversion lead to a limited attenuation of the image signgompensation is explained in the following. The receivetica
Considering that the image signal may originate from fequency (RF) signal is down-converted to the intermediat
different carrier frequency, it may be originally more thad frequency (IF). The resulting complex-valued IF signabis
dB stronger than the desired signal. With today’s techrielog pass-filtered and digitized afterwards. This digital IFnsibis
an amplitude imbalance of 1%2and a phase imbalance of 1-down-converted to the baseband (BB). In order to perform the
2° are realistic, which lead to an image attenuation of only 3@igital 1/Q imbalance compensation, a second digital down-
40 dB [1]. This insufficient attenuation requires an addisib conversion branch is introduced, as shown in Figure 1.

digital 1/Q imbalance compensation. The ideal IF signak(t), having no I/Q imbalance, can be
Several digital compensation schemes have been presentégien as:
in the literature. Conventional approaches include thdidf 2(t) = s(t)e2m It 4 j(¢)e=i2m it 1)

calibration with analog test signals [3], and the applmatbf

signal separation algorithms, such as interference catioel where f;» denotes the IF ang(t) denotes the desired signal.
and blind source separation [4]. Although leading to signifi(¢) denotes the baseband equivalent of the so-called image
cant improvements under specific receiving conditionssethesignal, which is separated Bf;» from the desired signal.

methods come with inherent drawbacks [4], [5]. With this notation, the real-valued RF signa(t) can be
A novel approach for the digital I/Q imbalance compensavritten as:
tion, which is based on a blind I/Q imbalance parameter esti- r(t) = 2(£)eI2TIE0t 4 o* (p)ei2nfrot @)

mation, has been proposed in [5]. However, in the derivaifon
the algorithm an ideal analog-to digital conversion (ADGsw where f; o denotes the frequency of the complex-valued local
assumed. The impact of a non-ideal ADC on the performanescillator (LO) and the asterisk denotes complex conjogati
of the digital 1/Q imbalance compensation will be analyzed i The |- and Q-branch of an ideal complex-valued LO have
this paper. equal amplitudes and a phase difference of exaéty.

The paper is outlined as follows: In section Il we will deHowever, analog components always have impairments. The
scribe the problem of 1/Q imbalance in low-IF receivers.-Seenismatch of the amplitudes of the branches is commonly
tion 111 briefly introduces the analyzed compensation sobendescribed as amplitude imbalance and the mismatch of the



phases is commonly described as phase imbalance. Apply<a) R(f)t i(t)er?(fro—fF)t

! . . j2n(fr.o+f1r)
ing the real-valued parameters amplitude imbalapcand s(t)er2mtLp i)t
the phase imbalance, the time function of the imperfect
complex-valued LO can be written as:
rro(t) = cos(2mfrot) —jgsin(j2n frot + ¢) "o ‘ " o f
= Kle—jQWfLot 4 [(261'27ffLO‘f7 3) (b)  Ziq(f) (©) Z1q,q(f)
where K; and K> are complex-valued imbalance parameters: (n)
err(n
1+ ge 7% 1—geti?
Ki=—2 k= @) ‘ 2
2 2 —frr | fr o f —fir fr f
The ideal LO is a special case of equation (3) with= 1 ) D(f) (e) V(f)
and ¢ =0° (K; =1 and K5 =0). The IF signal with 1/Q
imbalancez;(t) results in: ca(n) eo()
21Q(t) = LP{r(t)zro(t)} = K12(t) + K227(t),  (5)
whereLP{-} denotes low-pass filtering. This IF signal has to f f
be converted from the analog to the digital domain. Thesafo;;. , .
. . . . . ig. 2. Representative spectra of the analog RF signal ife)abalog IF
the time is discretized: signal (b), the digital IF signal (c) and the resulting caiBB signals d(n)
210 (n) _ Klz(n) n ng*(n), (6) (d) and v(n) (e), respectively.
and the amplitudes are quantized. The resulting digital IF
signal z;q 4 is as follows: The imbalance matrixK' describes the mutual interference
of the desired signal and the image signal. This mutual
21Q.4(n) = z1g(n) + e (n), () interference can be removed by applying the inversekof

wheree(n) denotes the quantization error at the IF. Assuntdowever, K~ is unknown in practice. The principle of the

ing the low-pass filter is linear in the pass-band, the remplt analyzed compensation scheme is to blindly gain an estimate
BB signal is: K . In a first step, an estimate of the produgt K5 is
d(n) = LP{zIQﬂ(n)e*jQ“ffF”T} calculated by evaluating a bIoc@f\N consecutive samples of

p , the BB observations, the produst; K, yields:
= K15(n) + Kai*(n) + LP{esp(n)e 2™/wnT} - (8) N
e § 2n—1 d(n)v(n)
eq(n) KKy =

1 N * 2°
The BB signal is a superimposition of the desired signal, ¥ 2= [d(n) + ()]
the image signal and a resulting BB quantization error. Fblsing the estimated product, the estimation of the realedl
clearness the abbreviatian(n) is applied for the resulting imbalance parameters is possible:
BB quantization error ofi(n) in the following. Exemplary .
spectra of the RF signal, IF signals and the resulting BBadign g= 1—4Re{1€1\(2} ¢= arcsin (—glm{[(/ll?2}> (12)
d(n) are shown in Figure 2. 2

(11)

1. |/Q | MBALANCE COMPENSATION By adapting definition (4) t10 the COfnplex-VaIUEd eStimd%QS
The analyzed compensation algorithm shall only be brieffd /2, an estimate of<’ ~ can be determined as follows:
introduced. A comprehensive presentation can be found]in [5 1 1 K _K
. ; i . 1 2
and [6]. The algorithm aims on a compensation of the impact K = KA — | K2 { K k& ] . (13)
of the image signal on the desired signal. The approach is to ! 2 2
evaluate an additional BB signal (see Figure 2): The multiplication of the disturbed BB signals Witk
v(n) = LP{Fp(n)eti?mfmnT) results in the estimated BB signal§n) andi(n):
= Kyi(n) + Kas*(n) + LP{egp (n)e ™2™ fmnT} - (9) { :i(n) } — k" { d*(n) ] (14)
et i*(n) v*(n)

For clearness the abbreviatiep(n) is applied for the resulting V- M ODEL OF THEANALOG-TO-DIGITAL CONVERSION
BB quantization error oby(n) in the following. The relation  The I/Q imbalance compensation takes place in the BB.
between the BB signals can be written using matrix notatiom order to determine the performance of the compensation
d(n) K K, s(n) ea(n) scheme, the impact of the ADC has to pe analyzed. However,
{ v*(n) ] = { K; K ] [ i*(n) ] + { et (n) } (10) the ADC takes place at .the !F. The relation betyveen the ADC
v at the IF and the resulting impact on the BB is analyzed in
K this section.



An important issue for the effective resolution of an AD(ower of these spectral components can be adjusted by noise-
is its saturation level. While too high signal amplitudesdleashaping techniques. However, it is reasonable to consider t
to clipping, too low amplitudes result in a decrease of thepecial case of a uniformly distributed quantization nolse
effective resolution. These effects can be modeled by aefinithis case, the portion of the quantization noise corresipgnd
an input power backoff (IBO) as well as a peak-to-averade the bandwidth of the BB signals is:
power ratio (PAPR).

The IBO describes the relation between the maximum P = P”F, (22)
possible output power?,; ... of the ADC and the variance OSR
o2 of the input signal: where OSR denotes an oversampling ratio, which is deter-
9 mined by the ratio of the BB sampling frequency to the IF
IBO = Uout,;mw (15) sampling frequency. By merging (19) - (22), the power of the
0% equivalent baseband quantization noise can be calculated a
The statistics of the input signal are considered using tfilows:
PAPR: Ki* +|Kaf?) (P + P
o2 P, = (\ 12+ |Ka| )( + ). (23)
PAPR= = (16) SNRe
O’I

) ) SNRe is the effective SNR, which models all effects related
whereag’maz denotes the maximum signal power. Under thg, the resampling and quantization process:
condition IBO> PAPR clipping is avoided. The quantization

error of the ADC is considered as independent, uniformly SNRy — P — SNR. OSR
distributed noise, known as the pseudo quantization noise P,
model [7]. Under this assumption the signal-to-noise ratio =3.0SR. 48N°8/|1BO (24)

(SNR) for a quantization with b bits results in:
b As expected, the SNR depends on the properties of the ADC.
SNR=3-47/1BO, A7) The higher ENOB or OSR are, the higher is the SNRA

which can be equivalently written in dB-scale as: large IBO leads to a degradation.
SNRgg) = 4.77dB + b - 6.02dB — IBOgg) - (18) V. PERFORMANCEANALYSIS

In order to describe a real ADC, more errors than the quafy- Theoretical Analysis
tization errors have to be considered. The signal is adtitip 1) Performance without Digital Compensation: In order to
distorted by aperture jitter, ambiguity of the comparatogvaluate the performance of the compensation scheme, we
nonlinearities of the characteristic and several noisegsses. need an appropriate reference. As reference we consider the
An excellent analysis can be found in [8]. These effects c®B signal without digital compensation. Equation (10) lead
be modeled using an effective number of bits (ENOB) insteag:
of the nominal number of bits. Hence the SNR is as follows: d(n) = Kys(n) + Kai*(n) + eq(n). (25)

_ ENOB
SNR=3-4 /1BO. (19) Based on equation (25) we define an image-and-noise-to-

This formula models an ADC considering signal statistics &dnal ratio (INSR):

well as the impact of distorting effects of a real ADC. In a 2 2
. Ks|°P; + P, Ky |” B P,
low-IF receiver, the ADC takes place at the IF. Therefore the INSR, = % = ?2 5+ % |§P . (26)
i i i 1 . 1 s 1 s 1 s
SNR of the quantized IF signalq(n) is defined as: . ,
p ISRy NSRy

SNR= —'2

€IF

) (20) where P., denotes the power of the BB quantization error
eq(n). The reference INSRis composed of two terms: an
where P.,, denotes the power of;(n) and P, denotes jnage-to-signal ratio (ISR representing the impact of the 1/Q
the power of the IF quantization erreyx(n), as defined by jmpajance and a noise-to-signal ratio (NGRThe NSR is the
(7). Applying (6) and assuming that the desired signal aed erformance of a reception without any 1/Q imbalance. This
image signal are uncorrelated, , results in: limit holds also, if a digital compensation of I/Q imbalarise
_ 2 2 , applied.

Prig = (Ka* + [ KaF) (P + P2), (21) Now, we consider the special case of a uniformly distributed
where P, and P; denote the power of the desired signal anduantization noiseR., = P.,,,). The NSR as a function of
the image signal, respectively. the power ratio of the desired signal and the image signal

For the analysis of the BB signals, the power of the IP,/P; is depicted in Figure 3. For a dominating image signal
quantization erroi?,,,. is not a useful measure. Instead, onlyP; > P,) the ADC is saturated by the image signal, hence
those spectral components, which superimpose the IF sigrthle NSR is increased. ForH; > P;) the NSR is determined
of interest are critical, as depicted in Figure 2. In gendted by the SNRg. Figure 4 shows the composition of the INGR



. . . : : : : 60 : : : :
N — — —NSR{ (SNR,= 40 .. 100 dB) ‘ — — —NSR; (SNR_.=60dB)
N -
20k S 1 sl ISR, (IRR=20..40dB) |
AN N ——— INSR (SNR_, =60 dB, IRR =30 dB)
N N eff
N
S SN S 20K
N N N ~ .
0 AR NN N .~ IRR=20dB
3 [~ s N N 8 ot N -
c N N ~ N £ >
) N N N RS 'SNR_; = 40dB o
A SN iy &
b4 N N N N b4 =20
N ~ S e 'SNR = 60 dB
-60 N N . T -
S N -40
N S 'SNR_, = 80dB
-80 N - eff Z 250 ]
N
N “e0F s e
100 S. L 'SNR_,, =100 dB
L L L L L L L ’80 L L L L L ) i) "J
-80 -60  -40  -20 0 20 40 60 80 -80 -60  -40  -20 0 20 40 60 80
P_/P, indB P_/P, indB

Fig. 3. Noise-to-signal ratio due to quantization withol@ imbalance Fig. 4. Image-and-noise-to-signal ratio (no compensatioli@fimbalance)

based on NSRRand ISR. The plots are parameterized by the |n the following we will derive analytic expressions of ISR
image rejection ratio (IRR): and NSR. In order to simplify our analysis we incorporate
K |2 the following useful properties: For realistic 1/Q imbatas
IRR = ‘—1 (27) definition (4) yields K; ~ 1, K, ~ 0, hence |K;| > |K,|.
Furthermore, we assume the estimates to be close to, but not
which describes the finite image suppression due to the If@cessarily identical to the desired values, ig.~ K; and
imbalance. Figure 4 shows, that the INSR significantly Ko~ K.
degraded by the finite IRR. First we analyze the term NSRThe additional assumption
2) Performance with Digital Compensation: By merging of similar noise powers,,~ P, leads to:

(10) and (14), the estimated BB signalg:) andi(n) after

the digital compensation can be expressed as: NSR, ~ |1 [P, ~ P, (32)
~ ‘Kl_KQ‘ZPS Ps'
S gk | S0 |y k) ] (g
1*(n) i*(n) es(n) |’ In contrast, the ISRis more complicated. The results of the

) o . . estimation depend on the certain realization and are theref
Applying the abbreviationa; = K Ky — K3 Ko anq not deterministic. However, the performance can be evedliat
a1z=—K]Ky+K>K7, the productk’ K can be written as: in a statistical sense. It has been shown in [6], that the

IA{71~ _ |X ‘2 1 |f{ |2 [ Zil Z}f ] | (29) expectation of ISR can be approximated by:
117 — | K2 12 "1 K A 2 P;
. . : . E{ISR.} ~ —2 E ASLICT A (33)
Hence, the estimated desired BB sigéh) can be written K1 Ky| | Ps
as:
. a115(n) + a10i*(n) + K*e (n) — Koe*(n whereA g i,= K1 K»— K K, denotes the absolute estimation
§(n) = = () ¥ a1pi™(m) & Kiealn) ~ Kyei(n) (30) error of the products; K, and E{-} denotes expectation.

K - Ko P? Our next goal is to analyze the expectation of the squared
In the case of a perfect estimatiok (= K), the terma;» will magnitude of the relative estimation error on the right hand

be zero. However, due to the finite accuracy of the estimatiggide of (33). Therefore, the numerator and denominator of
a residual interference of the image signal will persistétg (11) have to be analyzed using (8) and (9). For clearness, we
we define the INSR after the digital compensation: introduce the following abbreviations with the represéwa

. . complex-valued signals(n) andy(n):
a12|*P; + | K |*Pe, + | Ks|? P, " "

|NSRC = |a11‘2Ps p 1 N , . 1 N . ) a4
a|? P; |f(1|2ped + \f(2|2pe, ‘TN Z )" Rey = N Z =yl (34)
=|==| =4+ v (31) n=1 n=1
air| Ps la11]?Pq ) . , .
~ ey With this notation the numerator of (11) can be written as:

where P, denotes the power of the BB quantization errorl d
e,(n). In analogy to the INSR(no compensation), the INSR Z

is determined by the imperfect compensation (JS&nd the . . .
impact of the ADC (NSR). +EAK (Pt P+ Ko (R, + REe )+ Re e,

Kl R%* +K2 R;* +K1 (Rse; +Rzez)

nl



Assuming|K2(R;‘kev + R:ed)‘ < ‘Kl (Rsez + Rie;) yieldS: - 7‘7NSRO‘ (SNéeﬁzeoéa)
o N0 | E(SRYlgng . (N=100..100,000)]
N eff
1 o N o | E{INSR } (SNR__ =60 dB, N =10,000)] |
—Zd(n)v(n) ~K7 Rgi» + K1 (Rses + Rics) o : i
N~ ol NE100 N
+ KK (Py+P) + Re e (35) 8 olN=1000 N\
The denominator of equation (11) can be written as: § a0 NTI00. N
_5oLN=100000
1 = *0 0\ |2 D » > > A A N
N2|d(n)+v 0)|?=Ps+ P+ P, +P., +2Re{ Ryi» + Ry, -0}
n=1
~ A~ ~ N =70
+Rsev+Rie:‘l+Rieu +R€d€f,}' ) ) ) ) L .
. . . i . . 787080 -60 -40 -20 0 20 40 60 80
This term can be simplified with the following assumptions: P /P, indB

We assume that the sum of the cross-correlations of a BB skip- 5. Composition of the image-and-noise-to-signal ratith WQ imbal-
nal with the quantization errors is smaller than the comesgp "¢ compensation

ing Signal poweriRsed H"Rsev | <L Ps and |Rie(’§ +|Rieu | <L P;.
The additional assumption, that the cross-correlationwaf t
signals is smaller than the sum of the corresponding sig
powers:| Ry« | < Ps+P; and |Re e | < P., + P., yields for

derived in [6], the variance of correlation functions dzn
written as:E{|R,,|*} = + P, P,. Hence theE{ISR.} yields:

the denominator of (11): 1 1 K12 P (P, +B. )2
B{ISR.} ~ = —— 4 |=2| Ll co 39
1 N R ) R R { RC} N(1+%)2 K1 Ps (PS-‘FPZ)Q ( )
5 1)+ () & Pt P4 Pyt Py (36) o1 R,P
n= = PR +PP,+—2|.
1 " NIKIE P, (PoA B [ SR

Applying (35) and (36), the expectation of the squarefiq general result simplifies for the special case of a uni-

magnitude of the relative estimation error can be written asrormly distributed quantization nois&,, — P, — P By
€4 T T €y €BB"*
. o 9 merging (23) into (39) we get:

B A, || _ B KKy — K1K3 (37)
KK, KK E{ISR.} = E{ISR.} I + 7, (40)

~ ~ ~ ~ ~ ~ 2

KSR 4 KR 4 Ric) 4 Reyo — KiKPry 1 Pe) where o

K\ Ky(P,+P,+P,,+P.) E{ISR.} = (41a)

SNReg—oo IV (1+%)2

When splitting the expectation term in equation (37), sdvera 1 Pl 1 4 |K,|?
products of cross-correlations arise. In order to simpiife Y= o5 5 | vtoes tavs 1 |- (41b)
terms, we assume a sufficiently large block size N. The esti- SNRert Ps | NV NSNRet - SNRert |11

mates of the cross-correlations converge under this donditThe E{ISR.} is composed of two terms: The term
to their expectations. Furthermore, we assume independ%ajL—tISRc}

correlation functions and uncorrelated signals. Undeseghe SNRyg— o0 o i )
conditions the following equation with the representaig- 'Mage suppression due to finite estimator block length Nén th
nalsz, y, « andb holds: absence of any quantization noise. This result corresptinds

the results of [6]. The second terprepresents the degradation
E{Rzy*gab*} = E{Rzy* VE{Rap+} = Ruy-Rap- = 0. (38) of the estimation of the I/Q imbalance parameters due to the
impact of the ADC.
The signal powers converge for a sufficiently large bloclesiz Similarly, by merging (23) into (32), the NSRyields:
N as well to their expectation8, — E{P, }=P,. With these

represents the impact of the imperfect digital

assumptions and the additional reasonable assumption NSR. ~ NSR, ~ 1 <1+i> (42)
P.,+P. < P;+P;, the expectation of the squared magnitude SNReft Py
of the relative estimation error results in: The application of (40) and (42) to the expectation of the
IN f i 1 Its in:
. ‘AKlKQ 2 e K, QE{|R ‘42}+ 1 (E{IR 2} SR. of equation (31) results in
Kok | [ SPorP2||K,| PV T U e E{INSR.} zE{ISRC}‘SNPe +NSR +7  (43)
ff —> OO
> 2
+E{|'éi€:}‘2}) +E{|R67d€32}+( ed+Pev)2} The performanceE{INSR.} after the digital compensation
| K 1K | is composed of three terms. The first term represents the



IRR =340B, SNR =72.73dB Figure 6 shows the results of the theoretical analysis in
‘ ‘ ‘ comparison to results of the simulation for the exempla@y I/

Theory: E(INSRC}

10, Theory: INSR 1 imbalance parameters=1.02 and ¢ =2° (IRR=34 dB) and
0 — — — Theory: NSR, 1 the exemplary ADC parameters ENOB=12 Bit and IBO=10 dB
X Simulation: mean INSR, (SNR=72.73 dB). It can be easily seen, that the simulation

Simulation: INSR |7 . . .
o Zmusonmean 5% results confirm the results of the theoretical analysis.

Simulation: mean NSR | |

VI. CONCLUSION

The impact of a non-ideal analog-to-digital conversion
(ADC) on the performance of a novel blind 1/Q imbalance
compensation has been analyzed in this paper. We developed
a set of equations for the theoretical performance evalnati
with and without digital I/Q imbalance compensation. The
validity of these equations has been confirmed by computer

80 60 -40  -20 0 20 40 60 80 simulations.

Po/Pyind8 The quantization noise caused by the finite number of
Fig. 6. Comparison of NSR INSRy and E{INSR.} applying theoretical discrete levels of the ADC has been identified as one of the
analysis and simulation results key problems in the practical implementation of the low-IF
receiver. Even in the presence of no I/Q imbalance, a powerfu
image signal can saturate the ADC, such that the signaltguali
of the desired signal is impaired. However, the situation is
s(n) significantly aggravated in the presence of I/Q imbalance. |
this case, interference by the insufficiently attenuatedgien
signal is the dominant source of signal degradation.

Fortunately, the interference by the image signal can be
Foym removed by a digital post-correction of the 1/Q imbalance.
Our analysis shows, that the analyzed blind 1/Q imbalance
parameter estimation algorithm is insensitive to the prese
of quantization errors. Depending on the requirements ef th

performance of the digital compensation scheme with a finif mmu_mcatlon standard, the compensatlo_n algo_rlthm can be
block size N but no limitations due to the ADC. The secon imensioned, such that the performance with digital corpen

term NSR, represents the impact of the ADC on the desiresoat'on is arbitrarily close to the reference case of a low-IF

: : . receiver with ADC errors, but without any I/Q imbalance.
signal. The third termy represents the impact of the ADC o ' C -
the estimation of the I/Q imbalance parameters. nHence, the demands to the image rejection capabilitieseof th

A comparison of (41b) and (42) yields <« NSR, for i’:}ga:(r)ngb;rlggi-:nc(l;reer?;%r:il(f)lﬁantly reduced due to the digita
realistic values of the SNIRR and the block sizeV. Hence P '

INSR indB
|
w
o
T

1/Q Imbalance
I/Q Imbalance
Compensation

Fig. 7. Overview of the simulation
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