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The Effect of I/Q Imbalance and Complex Filter
Component Mismatch in Low-IF Receivers

Jirayuth Mahattanakul, Member, IEEE

Abstract—In this paper, the effect of mismatch in the front-end
section of the low intermediate-frequency (IF) receiver is investi-
gated. In particular, the I/Q imbalance in quadrature mixing and
component mismatch in complex filtering are concurrently taken
into consideration. It is shown that the signal to interference ratio
of the low-IF receiver cannot be generally improved by increasing
the order of complex filter.

Index Terms—CMOS analog integrated circuits, complex filters,
low-intermediate-frequency (IF) receivers, quadrature mixer.

I. INTRODUCTION

THANKS to its insensitivity to dc offset and a high degree of
integration, low-intermediate-frequency (IF) receiver [1],

[2], which combines the advantages of both IF and zero-IF re-
ceivers, has received much attention recently. The topology of
the low-IF receiver, shown in Fig. 1, is closely related to that of
the zero-IF receiver. The principle of the low-IF receiver is based
upon the use of quadrature mixing and complex or polyphase
filtering.

In practice, the limitation of low-IF receiver is due to imper-
fect matching in analog integrated implementation. For quadra-
ture downconversion, the effect of I/Q imbalance results in the
leakage of the image signal into the wanted channel [2]–[4], re-
ducing the signal to interference ratio. Component mismatch in
complex filter implementation also contributes the crosstalk be-
tween the wanted channel and the image channel [5], [6]. In this
paper, we will study the combined effect of complex filter mis-
match and I/Q imbalance in the low-IF receiver.

It should be noted that apart from Fig. 1, there are other varia-
tions of the low-IF receiver including the topology using real IF
filters [2], [4] and the topology using the polyphase filter as an
RF I/Q generator [7]. The selection of topology has to be done
using on various criteria, e.g., sensitivity, robustness, power con-
sumption and level of integration [8]. The topology selection,
however, is beyond the scope of this work, which is primary
concerned with the low-IF topology shown in Fig. 1.

II. MISMATCH IN LOW-IF RECEIVER

Ideally, quadrature frequency conversion in zero-IF and low-
IF receiver is done by multiplying RF signal with two sinusoidal
signals with equal amplitude and 90 phase difference. However
in practice, as shown in Fig. 1, there are always imbalance in
both amplitude and phase between the two quadrature signals.
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Fig. 1. Front-end topology of a low-IF receiver.

Fig. 2. Block diagram representation of Fig. 1.

According to Fig. 1, by denoting

and

and and

we found that

(1)

(2)

where and .
Thus in a normalized case, i.e., and , by

defining

(3)

and

(4)

we can re-express (1) and (2) as

(5)

and

(6)

respectively.
Fig. 2 represents mismatch in quadrature mixing in accor-

dance to (5) and (6).
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Fig. 3. Spectra of (a) v , (b) v , and (c) v .

We now define two complex signals

(7)

and

(8)

Fig. 3(a) shows spectral components of where we ig-
nore other channel signals. According to (3)–(4) and (7)–(8), by
neglecting higher frequency components, it can be mathemati-
cally shown that

(9)

and

(10)

where and are complex baseband signals of
and , respectively

Fig. 3(b) and (c) shows graphical representation of (9) and
(10), respectively, where it can be seen that and
are mirror images of each other.

Referring to Fig. 2, by defining ,
and , it can be generally

shown that [5], [6]

(11)

According to (11), it can be seen that the complex output
signal, , comprises the filtered version of both the complex
signals and its mirror image . In a perfect matching case,

would be zero and there is no cross-contribution from
to .

The derivation of and for complex –
filter can be found in [5]. The expressions of and
for complex – filter are as follows. Referring to Fig. 4, we
define

where for

For , we have

and

where

and

in which

and

For the case of the opamp-RC complex filters, the expressions
of and can be found in [6].

By substituting Fourier transforms of (5) and (6) into (11) and
re-arranging the results, we have

(12)

where

(13)

and

(14)

Fig. 5 shows a graphical representation of (13) and (14) where
it can be seen that is a complex response that blocks
the unwanted side of from passing through and
is a response due to both mismatch in complex filter and I/Q
imbalance in quadrature local oscillator that causes signal from
the unwanted side to leak into the wanted side of the spectrum
and vice versa.
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Fig. 4. General direct-state-space complex G –C filters.

Fig. 5. Graphical representation of (13) and (14).

III. SIGNAL-TO–INTERFERENCE ANALYSIS

In this section, signal-to-interference ratio (SIR) at the end of
the signal chain of the analog front end of the low-IF receivers
will be analyzed. By substituting (9) and (10) into (12), we have

(15)
where

(16)

and

(17)

are the wanted and image signals appeared in the positive side
of Fig. 5(c), respectively, and

(18)

and

(19)

are the wanted and image signals appeared in the negative side
of Fig. 5(c), respectively.

It should be noted that unlike and ,
which are both out-of-band interference, is the
in-band inference, which cannot be removed by frequency-se-
lective filtering.

According to (15)–(19), by defining and
as the power-spectral density of and , respec-
tively, the SIR of the signal at the output of the complex filter is

(20)

where

(21)

and

(22)
are the normalized power of the wanted and image signals in the
positive side of the spectrum, respectively, and

(23)

and

(24)
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are the normalized power of the wanted and image signals ap-
peared in the negative side of the spectrum, respectively.

However, if we are interested only in the in-band interference,
the signal to interference ratio in such a case is

(25)

Also, in a special case where and ,
i.e., when the complex filter is removed, we have

(26)

and

(27)

and thus

(28)

where

(29)

is equivalent to the quadrature attenuation in [4] and
the image-rejection ratio (IRR) of the image-reject receiver [9].
For instance, for 0.5%-0.5 magnitude-phase imbalance in I/Q
generation, the value of is found to be approximately 44 dB.

According to the above analysis, the SIR cannot be computed
without the knowledge of and . However, by
using narrow-band approximation, i.e., assuming that
and are concentrated only near dc, according to (20)
and (25), we found that

(30)

and

(31)

Therefore, the values of , ,
and can be used as the performance

indicators of the analog front-end section of the low-IF receiver.

IV. SIMULATION RESULTS

Substituting ,
and into (12) yields

(32)

According to the above equation, by letting an
, we have

(33)

By substituting and
into (33) and rearranging

the result, we obtain

(34)

Consequently, it can be shown that for

(35)

and

(36)

we have

(37)

Now, it can be observed from Fig. 2 that applying

and

is equivalent to applying

and

to the input terminals of complex filter. As a result, the sim-
ulated magnitude and phase responses of can be ob-
tained from

(38)

and

(39)

respectively, where the equations at the bottom of the page are
true.

Likewise, according to (32), by letting and
, we have

(40)
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Fig. 6. Magnitude responses (in decibels) of H (!) (upper curve) and H (!) (lower curve) of the low-IF receivers employing G –C Butterworth filters
of (a) third order, (b) fifth order, (c) seventh order, and (d) ninth order.

By substituting and
into (40) and rearranging the result,

we obtain

(41)

Consequently, it can be shown that for

(42)

and

(43)

we have

(44)

Now, it can be observed from Fig. 2 that applying

and

is equivalent to applying

and

to the input terminals of complex filter. As a result, the sim-
ulated magnitude and phase responses of can be ob-
tained from

(45)

and

(46)

respectively, where the equations at the bottom of the page are
true.
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Fig. 7. Worst case simulated values of jH (! )j, jH (! )j, jH (�! )j
and jH (�! )j.

It should be pointed out here that although the voltages
and are real signals, the values of their

spectral components, and , are in general
complex. By performing ac analysis, the signals
and will be of complex values and so their real and
imaginary parts (or alternatively, magnitude and phase) can be
readily obtained from SPICE.

According to (38) and (45), for 0.5%-0.5 magnitude-phase
imbalance in I/Q generation and 0.2% complex filter compo-
nent mismatch, HSPICE Monte Carlo simulation results of the
low-IF receivers employing – complex filters of various
orders are shown in Fig. 6. The complex filters were derived
from the doubly terminated Butterworth LC-ladder filter proto-
type and were designed to have a bandwidth of 220 kHz and a
center frequency of 250 kHz.

The worst case values of the above simulation results are
shown in Fig. 7. It can be seen that of the values of
and change very little with the order of filter. Con-
sequently, according to the narrow band approximation in (31),
the of the analog front-end of the low-IF receiver is
largely independent on the order of filter.

On the other hand, the values of and
, which determine the level of the out-of-band

interference, are dependent on the order of complex filter. As
expected, the values of was found to decrease
noticeably for the higher filter order. Unfortunately, the value
of was found to be slightly increasing with the
filter order and exceeding the value of when the
filter order is 5. According to (30), this implies that, in certain
situations, especially when is higher than , the level
of out-of-band interference might increase with the order of
filter.

By observing Fig. 8, it can be found that:

• the I/Q imbalance and complex filter mismatch hardly af-
fect the values of both and ;

• is dominated by the effect of complex filter
mismatch;

• the effect of I/Q imbalance is the major contributor of
.

The above observation implies that in this case, although the
effect of complex filter mismatch on the in-band interference
is only marginal, its effect on the out-of-band interference
cannot be neglected. It should be noted that if the complex

Fig. 8. Simulated performance parameters of the low-IF receiver employing
fifth-order Butterworth complex filter with (I) only filter mismatch (II) only I/Q
imbalance and (III) both I/Q imbalance and filter mismatch taken into account.

filter mismatch is not taken into consideration, the values of
both and
are about 44 dB, which is in agreement with (29).

V. CONCLUSION

Simulation results indicate that the SIR of the front-end of
low-IF receiver is limited by the imbalance in quadrature down
conversion and mismatch in complex filtering. Although the
complex filter can ideally be used to suppress the out-of-band
image interference by inhibiting the received image signal from
passing through, it also causes the wanted signal to leak into
the image channel and becomes part of the out-of-band interfer-
ence.

Consequently, higher filter order does not necessarily result
in the reduction of the out-of-band interference. In certain con-
ditions, employing the polyphase filter of higher order might
adversely increase the out-of-band interference, which in turn,
deteriorates the signal to interference ratio. Therefore, in prac-
tice, the order of filter should not be selected based only on the
ability to suppress the received image signal, as presented in
[8]. The impact of mismatch, which inadvertently heightens the
level of the out-of-band interference, has to be taken into con-
sideration. In contrast, simulation results show that the in-band
SIR is mainly independent of the order of the polyphase filter.
This implies that the in-band SIR is mainly influenced by the
imbalance during the I/Q downconversion, not the mismatch in
complex filtering.
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