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In this paper, we propose a new digital blind in-
phase/quadrature-phase (I/Q) mismatch compensation 
technique for image rejection in a direct-conversion 
receiver (DCR). The proposed image-rejection circuit 
adopts DC offset cancellation and a sign-sign least mean 
squares (LMS) algorithm with a unique step size 
adaptation both for a fast and precise I/Q mismatch 
estimation. In addition, several performance-optimizing 
design considerations related to accuracy, speed, and 
hardware simplicity are discussed. The implementation of 
the proposed circuit in an FPGA results in an image-
rejection ratio (IRR) of 65 dB, which is the best 
performance with modulated signals, along with an 
adaptation time of 0.9 seconds, which is a tenfold increase 
in the compensation speed as compared to previously 
reported circuits. The proposed technique will be a 
promising solution in the area of image rejection to 
increase both the speed and accuracy of future DCRs. 
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I. Introduction 

The direct-conversion receiver (DCR), referred to as a low 
intermediate frequency (low-IF) or zero intermediate frequency 
(zero-IF) receiver, has been a preferred choice for many 
wireless communication systems of today due to its simple 
architecture and low power consumption. However, the in-
phase/quadrature-phase (I/Q) mismatch, which degrades image 
signal rejection performance, has been a chronic problem in 
DCRs, particularly those with a low-IF receiver [1]. Some 
image-rejection techniques based on analog circuits have been 
considered as less competitive due to I/Q mismatches, which 
stem from an imperfectly balanced layout and process and 
voltage and temperature variations [2]. Currently, wireless 
communication systems typically require multi-mode multi-
band (MMMB) single chip solutions. Unfortunately, analog 
calibration circuits for an MMMB single chip result in 
relatively high power consumption and a large chip size, thus 
increasing the cost to the difficulty in sharing multiple 
standards. For this reason, some I/Q mismatch compensation 
techniques have been investigated. These adopt digital or 
hybrid (analog/digital) solutions [3]-[12]. They overcome the 
limitations of analog-only solutions, and digital solutions in 
particular provide a programmable single calibration circuit 
that is likely to enable a software-defined radio receiver for the 
implementation of an MMMB single chip.  

More specifically, digital I/Q mismatch compensation 
techniques have been developed not only by data-aided (DA) 
estimation using on-line pilot signals or off-line test tones [3]-
[5] but also by non-data-aided (NDA) (blind) estimation using 
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statistical attributes [6]-[11]. Although DA estimation methods 
are usually fast and show desirable performance, blind 
estimation methods are preferred due to their lower levels of 
application dependency and complexity. Among the studies of 
a blind image-rejection technique, Lerstaveesin and Song [10] 
reported the best image-rejection ratio (IRR) of 65 dB along 
with simply implemented hardware enabled by a sign 
detection-only method. The drawbacks of their technique are 
its relatively long adaptation time of 6.7 seconds as well as the 
significant degradation of the level of accuracy that occurs 
under a condition of DC offset. To overcome the DC offset 
issue, other digital I/Q mismatch compensation techniques, 
including DC offset cancellation, have been investigated, but 
they have resulted in increased hardware complexity [4]. 

This paper reports a new digital image-rejection circuit using 
a blind I/Q mismatch compensation technique along with a DC 
offset cancellation scheme. The proposed image-rejection 
technique shows very precise accuracy, a significantly shorter 
adaptation time, and relatively simple hardware compared to 
previously reported works. An analysis of the image problem 
caused by the I/Q mismatches in a DCR is provided in section 
II. The proposed image-rejection technique, which involves the 
use of an I/Q mismatch compensator and a preceding DC 
offset compensator, is described in section III. Section IV 
presents the design considerations of the proposed image-
rejection technique for optimum performance in terms of 
accuracy, speed, and hardware simplicity. Section V shows the 
measurement results of the proposed image-rejection circuit. 

II. Image Problem in Direct Conversion Receivers 

The block diagram of a typical direct-conversion receiver 
(DCR) is shown in Fig. 1. In this figure, each mixer of the I and 
Q paths multiplies the RF signal with local carriers with 
respective phase shifts of 0º and 90º. This mixing process is 
equivalent to the multiplication of the RF signal by a complex 
local carrier, expressed by LO

LO LOcos( ) sin( )j te t j t    . 
However, due to the asymmetry between the I and Q paths of the 
analog circuits, the complex local carrier is modified as follows: 
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Fig. 1. Block diagram of typical DCR. 
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Fig. 2. Effects of mismatched local carrier on received IF signal 
spectra. 
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where gain mismatch α and phase mismatch θ between the I 
and Q paths are reflected symmetrically, and the values of α 
and θ are assumed to be very small. Assuming that the gain and 
phase mismatches are static over the frequency (f ) of interest, 
the mismatches in the amplitude and phase generate unwanted 
leakage of the complex local carrier at the negative frequency  

LOj te  , as indicated in (2). The effects of the mixing process 
of the received RF signal and the mismatched local carrier on 
the received IF signal spectra are also investigated, as plotted in 
Fig. 2. The top portion of Fig. 2 shows the signal spectra of the 
RF signal and the interferer located at  fRF. The middle 
portion of Fig. 2 shows the signal spectra of the LO signal 
located at  fLO; the signal at −fLO is the leakage signal of the 
complex local carrier generated by the mismatches. The 
bottom portion of Fig. 2 shows the signal spectra of the down-
converted RF signal and interferer by the LO signal; the 
unwanted image signals of the RF signal and interferer are also 
down-converted to  fIF due to the LO leakage. 

We define the received RF signal as follows: 
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where Asig (Aint) and ωsig (ωint) are the amplitude and the 
frequency of the wanted RF signal (interferer), respectively. 
Then, the received IF signal down-converted by the 
mismatched complex local carrier is obtained via 
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where ωIF = ωRF − ωLO. We also assume that the high 
frequency components generated from the mixing process are 
eliminated by low-pass filters. 

As shown in (4) and Fig. 2, the quality of the wanted signal 
that is down-converted by the mismatched complex local 
carrier is degraded by the image signal of the interferer. The 
degree of degradation can be expressed by an IRR, which is the 
ratio of the wanted signal power versus the image signal power, 
as given by 
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To obtain an IRR of 60 dB, which is the typical requirement of 
current wireless communication systems, only a gain mismatch 
of 0.1% and a phase mismatch of 0.1º are allowed. Thus, 
extremely precise I/Q mismatch compensation can remove this 
image signal of the interferer from the signal band of interest,  
eventually increasing the signal-to-noise ratio (SNR). 
 

III. Image Rejection Technique 

In this section, we describe an image-rejection technique that 
resolves the problem mentioned in the previous section. As 
shown in Fig. 3, the proposed image-rejection circuit consists 
of a DC offset compensator and an I/Q mismatch compensator. 
The I/Q mismatch compensator utilizes the sign-sign least 
mean squares (LMS) algorithm, and the DC offset 
compensator precedes the I/Q mismatch compensator for a 
more accurate mismatch estimation. The details of the 
proposed image-rejection circuit shown in Fig. 3 will be 
explained in the following subsections. 

1. Mismatch Estimation Based on Sign LMS Algorithm 

A perfectly matched DCR is designed to receive both I and 
Q signals with the same gain but at 90º out of phase. Assuming 
that the two signals are wide-sense stationary, the magnitude of 
each signal can be obtained from its autocorrelation; hence, the 
difference between the two autocorrelations indicates the gain 
mismatch between them, as follows: 
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Fig. 3. Block diagram of proposed image-rejection circuit. 
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Fig. 4. Error convergence characteristics of sign LMS algorithm.
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where E{·} is an expectation function, and signals I and Q are 
borrowed from (1). In a similar manner, because signals I and 
Q are orthogonal and uncorrelated with each other, the cross-
correlation of the two signals indicates the amount of the phase 
mismatch between them, as follows: 
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Based on this principle, the gain and phase mismatches of 
the I and Q signals can be estimated using the sign LMS 
algorithm. These are respectively given by 

[ 1] [ ] sgn( )k k u               (8) 

and 

[ 1] [ ] sgn( ),k k u               (9) 

where α′[k] and θ′[k] represent the estimated gain and phase 
mismatches at the k-th loop, respectively, and μα and μθ 
represent the step size of the LMS algorithm for the gain and 
phase mismatch estimations, respectively. The expectation 
values, uα and uθ, will produce zero if the I and Q signals have 
the same magnitude along with being 90º out of phase. 

Defining the gain error as the difference between the actual 
and the estimated gain mismatches (that is, eα [k] = α[k]−α′[k]) 
and the phase error as the difference between the actual and the 
estimated phase mismatches (that is, eθ[k] = θ[k] − θ′[k]), the 
sign LMS adaptation process converges when eα [k] and eθ [k] 
come within  μα and  μθ, respectively. Figure 4 shows the 
error convergence characteristics for an example of a gain 
mismatch of 5% and a step size of 0.244%. The smaller the 
values of eα and eθ are, the more accurately α′ and θ′ can be 

estimated, leading to a greater amount of IRR. However, more 
accurate values of α′ and θ′ require smaller values of μα and μθ, 
which results in a longer adaptation time for convergence. 
Therefore, the IRR and the adaptation time of the sign LMS 
algorithm exist in a tradeoff relationship, which can explain the 
relatively long adaptation time for the high IRR in an image-
rejection circuit in earlier work [10]. 

2. Proposed I/Q mismatch Compensator 

The mismatch estimation process using the sign LMS 
adaptation method shown in (8) and (9) converges when  
eα[k] and eθ[k] come within   and ,  respectively. 
Consequently, as shown in Fig. 4, the mismatch estimator 
displays a unique characteristic in that the errors converge to 
zero, at which point they oscillate between two different values 
once the errors are reduced within  μ. In this work, as shown 
in Fig. 3, along with the convergence characteristics, the 
adoption of the proposed μ updater resolves the tradeoff 
relationship between the IRR and the adaptation time of the 
sign LMS algorithm. The proposed μ updater produces an 
adaptive step size of μ′ when the error converges, that is,   
e[k] = e[k − 2]. The adaptation process starts with a large initial 
step size to speed up the entire adaptation process; when the 
convergence characteristics are detected, the μ updater reduces 
the step size and continues the adaptation process until the next 
convergence is detected. The proposed mismatch estimator 
adopts a binary searching algorithm for a simple and fast 
estimation such that the μ updater reduces the step size by half 
at every convergence. The μ update process is repeated until 
the step size μ becomes small enough to satisfy the required 
IRR such that a high IRR and fast adaptation speed can be 
achieved simultaneously. In Fig. 5, the process of error 

 

 

Fig. 5. Convergence characteristics of gain error and step size 
updates. 
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convergence in accordance with the step size update of the 
proposed mismatch estimator is demonstrated for an example 
of a gain mismatch of 5%. In the figure, the step size μ′α is 
initially set to 0.03125(=2–5) and is reduced by half when the 
error convergence characteristics are detected in eα. The initial 
step size can be optimally determined by the process described 
in section IV. By virtue of the proposed μ updater, the gain error 
is appreciably reduced within only a few loops. 

The proposed mismatch estimator including the μ updater, 
which is shown in Fig. 3, is now given by 

[ 1] [ ] [ ] sgn [ {sgn( ) sgn( )}]k k k E I Q I Q         
 (10) 

and 

[ 1] [ ] [ ] sgn [ {sgn( ) sgn( )}],k k k E I Q         (11) 

where μ′α and μ′θ are the adaptive step sizes produced by the μ 
updater. The expectation values in (10) and (11) are 
implemented by a simple accumulation circuit, and the μ 
update is performed by a shift right operation. As shown in Fig. 
3 and in (10) and (11), for a simple hardware implementation, 
the gain mismatch estimator is required to detect only the 
respective signs of I+Q and I−Q, instead of taking the entire 
magnitude of I2 − Q2. In the same manner, the phase mismatch 
estimator is required to detect only the respective signs of I and 
Q, referred to as the sign-sign LMS algorithm. As the error 
convergence characteristics of the sign-sign LMS algorithm are 
identical to those of the sign LMS algorithm, the proposed μ 
updater is also feasible for use with the sign-sign LMS 
algorithm. 

As shown in Fig. 3, using the estimated gain and phase 
mismatches (α′ and θ′) from the proposed mismatch estimator, 
the image rejector compensates for the received signal against 
the image signal caused by the mismatches. The image rejector 
is implemented with just four multipliers and two adders 
because the compensated signals (I′, Q′) can be obtained by a 
linear combination of the mismatched signals (I, Q) [10]. 

Given that the proposed I/Q mismatch compensator adopts a 
blind estimation method that depends only on the statistical 
properties and the repeated error convergence characteristics, it 
has the advantage of application-independence. 

3. DC Offset Compensator 

The sign-sign LMS algorithm used in the proposed I/Q 
mismatch compensator accumulates errors at the DC [10]. As a 
result, the accuracy of the mismatch estimation is strongly 
affected by any possible signals or offset components at the DC. 
For a demonstration, the proposed I/Q mismatch compensator, 
which includes the proposed mismatch estimator expressed in 
(10) and (11), is simulated for a signal with an intentionally  

 

Fig. 6. IRR of proposed I/Q mismatch compensator as function 
of normalized DC offset. 
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added DC offset. Figure 6 shows the average amount of IRR 
through 10,000 trials for the proposed I/Q mismatch 
compensator as a function of the normalized DC offset to the 
signal amplitude. The result demonstrates that the IRR is 
degraded severely with the DC offset. To resolve this problem, 
the proposed image-rejection circuit adopts a simple DC offset 
compensator [13] before the I/Q mismatch compensator, as 
shown in Fig. 3. The DC offset compensator consists of an 
offset estimator and a subtractor for each I/Q path. The offset 
estimator estimates the offset by averaging a certain period of 
the received signals based on the assumption that the 
transmitted signals are zero-mean stochastic signals, and the 
subtractor then removes the estimated DC offset from the 
received signals. 

IV. Design Considerations 

The proposed I/Q mismatch compensator, which adopts the 
sign-sign LMS algorithm with a step size updater, improves the 
speed of the compensation process while keeping its accuracy 
intact. However, in some wireless transceiver systems that 
operate with low carrier frequencies, a low sampling rate is 
unavoidable such that the data accumulation time to obtain the 
expectations in (10) and (11) becomes longer. When such an 
unsatisfactory performance is predicted, it is better to use the 
magnitude detection method to implement a simple hardware 
setup, as shown in (8) and (9), so that a smaller amount of data 
is used for mismatch detection, than to use the sign detection 
method, as shown in (10) and (11). As a result of the simulation, 
the amount of IRR is plotted as a function of the amount of 
data for accumulation for a comparison of the magnitude 
detection and sign detection processes, as shown in Fig. 7.  
10-bit 64-QAM I/Q signals with gain and phase mismatches of 
5% and 3º, respectively, are used, and the IRR results are 
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Fig. 7. Plot of IRR as function of number of data for 
accumulation for magnitude and sign detections. 
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averaged through 10,000 trials. The magnitude detection, that 
is, the sign LMS algorithm, can provide an IRR of 60 dB for a 
small amount of data accumulation, 26, while the sign detection 
method requires considerably more data accumulation, 220, to 
obtain the same IRR. 

However, whereas a one-bit (sign) multiplication function 
can be implemented by a simple XNOR gate, as shown in  
Fig. 3, the magnitude detection function requires bulky multi-
bit multipliers, as shown in Fig. 8. It is not easy to justify a 
higher speed while guaranteeing higher accuracy at the 
expense of a bulky chip size. This conflict can be mitigated by 
sacrificing the signal resolution for the accumulation time. To 
retain the accuracy, the approximation of the signal with a few 
most significant bits (MSBs) can shrink the chip size of the 
multiplier in the squared ratio, but at the cost of increasing the 
amount of data for accumulation. Figure 9 shows the average 
IRR through 100 trials as a function of the amount of data for 
accumulation for approximated resolutions of the signal (from 
10 bits to 1 bit). This simulation is performed with a signal 
environment identical to that shown in Fig. 7; hence, the 

 

Fig. 9. IRR as function of number of data for accumulation for 
approximated resolutions of signals (from 10-bit to 1-bit).
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results from the approximated resolution of 10 bits and 1 bit 
correspond to the magnitude detection and the sign detection 
methods, respectively. It should be noted that the signal 
approximation process clearly induces another DC offset, 
which degrades the image-rejection performance. Therefore, 
an additional DC offset compensator needs to be added before 
the accumulation (expectation) process to obtain more accurate 
results. 

The initial step size for the μ updater in the proposed I/Q 
mismatch compensator is also important to consider. A large 
initial step size increases the adaptation speed by tracing 
mismatches with a large step in the beginning. However, if the 
actual mismatch is smaller than the initial step size, adaptation 
time is wasted until the step size is reduced to its minimum 
value by repeating the convergence cycles. Figure 10 shows 
the convergence time (number of loops) as a function of the 
initial step size for various gain mismatches of 10%, 7%, 4%, 
and 1% when the phase mismatch is set to zero. The same  
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10-bit 64-QAM I/Q signals as those used in the previous 
simulations are used again, and the resulting values are the 
averages of the data collected through 100 trials. The optimum 
points marked in Fig. 10 demonstrate that the largest initial step 
size does not always result in the shortest adaptation time. 
Therefore, to ensure an optimum level of performance, the 
proposed image-rejection technique should be applied with a 
proper initial step size based on the roughly estimated 
mismatches. 

V. Measurement Results 

Figures 11(a) and 11(b) respectively show a block diagram 
and an image of the measurement setup used to test the 
proposed image-rejection circuit. As shown in Fig. 11(a), an 
LO signal of 457 MHz is generated from a signal generator 
(Agilent 83630B), and it goes through two phase shifters 
(JSPHS-661+ from Mini-Circuits), which produce a phase 
difference of (90º + θ) between the two LO paths. After these 
phase shifts, two variable gain amplifiers (VGAs) (VG025 
from WJ Communications) produce a gain difference of α% 
between the two paths. The 256-QAM signal, modulated with 
a symbol rate of 400 ksps, is carried by an RF signal of    
460 MHz generated from a vector signal generator (Agilent 
E4438C), after which it is down-converted to 3 MHz as a low-
IF signal by two mixers (HMC585MS8G from Hittite) with a 
mismatched complex LO signal. The 256-QAM signal is 
chosen considering the susceptibility of the high-level 
modulation signals to the image signals. The low-pass filtered 
(PLP-10.7-75 from Mini-Circuits) IF signals are converted into 
a discrete form by two 14-bit I/Q ADCs (ADS62P49 from 
Texas Instruments) with a sampling clock of 32 MHz. The 
proposed image-rejection circuit is implemented into an FPGA 
(XC6SLX150T from Xilinx), and the measured FPGA output 
is then evaluated using MATLAB. 

Figure 12 shows the magnitude spectra of the complex  
256-QAM before and after image rejection from the 
measurement. As shown in the figure, the IRR of 35 dB before 
the image-rejection process is improved to 65 dB after this 
process, which is noted to be the highest degree among the 
reported measurement results using the modulated signal as the 
input. Also, the DC offset before the image rejection nearly 
disappears after the image-rejection process. The DC offset 
cancellation loop is updated at every 214-th instance of data. 
Because the DC offset compensator precedes the I/Q mismatch 
compensator, the proposed image-rejection system can also be 
applied to zero-IF receivers for self-image rejection. 

In Fig. 13(a), the measured convergence times for the gain 
mismatch estimation of the proposed and sign-sign LMS [10] 
image-rejection circuits are compared. While the sign-sign 

  

Fig. 11. Testing proposed image-rejection circuits. 
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Fig. 12. Magnitude spectra of measured 256-QAM before and
after image rejection. 
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LMS method takes 2.8 seconds to converge with a fixed step 
size of 0.0244%, the proposed method takes 0.7 seconds to 
converge with an adaptive step size from the initial value 
of1.56% to the final value of 0.0244%, which is four times 
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Fig 13. Gain mismatch adaptation: (a) comparison of
convergence times and (b) adaptation process along
with adaptive step size. 
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shorter. Both of the image-rejection circuits utilize data 
accumulation of 220 for one loop with the same sampling clock 
of 32 MHz. Figure 13(b) shows the adaptation process of the 
gain mismatch estimation along with its adaptive step size in 
the proposed image-rejection circuit. As intended, the estimated 
gain mismatches approach rapidly toward convergence with a 
large step size in the beginning, while the final convergence 
gives more precisely estimated gain mismatches with a fine 
step size. 

Figure 14(a) shows a comparison of the measured 
convergence times for the phase mismatch estimation of both 
the proposed and sign-sign LMS [10] image-rejection circuits. 
In Fig. 14(a), while the sign-sign LMS method in earlier work 
 

 

Fig 14. Phase mismatch adaptation: (a) comparison of 
convergence times and (b) adaptation process along 
with adaptive step size. 
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[10] takes 9 seconds to converge with a fixed step size of 
0.0244%, the proposed method takes only 0.9 seconds to 
converge with an adaptive step size from the initial value of 
1.56% to the final value of 0.0244%, which is ten times shorter. 
Both of the image-rejection circuits use the same number of 
data accumulation instances and the same sampling clock as 
those used in the gain mismatch estimation. Figure 14(b) 
shows the adaptation process of the phase mismatch estimation 
along with the adaptive step size in the proposed image-
rejection circuit. Similar to the gain mismatch estimation, the 
phase mismatch estimation has shown both fast and precise 
adaptations. 

The estimated phase mismatch in Fig. 14 (6.7% in radian, 

Table 1. Performance comparison between this work and other works. 

 This work [10] [9] [8] [12] [3] 

IRR 65 dB (digital) 65 dB (digital) 60 dB (digital) 57 dB (hybrid) 55 dB (digital) 63 dB (hybrid) 

Adaptation time 
(mismatch) 

0.9 s (6.7%) 6.7 s  (6.25%) - 5 ms (  0.02 V) 5 ms (4.4%) - 

Sampling frequency 32 MHz 40 MHz 27 MHz 5 MHz 480 MHz -500 MHz 21.05 MHz 

Modulation 256-QAM 256-QAM NTSC CW CW+GSM FM 

Estimation method NDA NDA NDA NDA DA+NDA DA 

Comments 
Best IRR     

high speed 
Best IRR     
low speed 

Good IRR 
High speed  

w/CW calibration
High speed w/CW 
factory calibration 

Good IRR 
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3.8º in degree) is 3.4 times larger than the estimated gain 
mismatch in Fig. 13 (2%). Whereas the convergence time of 
the phase mismatch estimation process is only 1.3 times longer 
than that of the gain mismatch estimation process in the 
proposed method, the convergence time in the sign-sign LMS 
method is directly proportional to the amount of mismatch. 
Therefore, the proposed image-rejection circuit is more 
advantageous, especially in cases with a high degree of 
mismatch. 

Lastly, the performance of this work is compared with the 
performances of previously reported image-rejection circuits, 
as summarized in Table 1. Overall, compared to the results in 
the other studies, this work shows the best performance in 
terms of the IRR, owing to the precise mismatch estimation. It 
also shows a high adaptation speed considering its modulation 
level. These outstanding results are attributed to the proposed 
adaptive step size scheme. 

VI. Conclusion 

In this paper, we proposed a new digital blind I/Q mismatch 
compensation technique for image rejection in a DCR. The  
proposed image-rejection circuit combines DC offset 
cancellation and an adaptive step size sign-sign LMS algorithm 
for fast and precise I/Q mismatch compensation. In addition to 
the need for a DC offset cancellation block prior to the I/Q 
mismatch compensation block, both the I/Q mismatch 
compensation and the step size update techniques were 
explained in detail. Moreover, the several design considerations 
to optimize the performances of the proposed image-rejection 
circuit were discussed in terms of its accuracy, speed, and 
hardware simplicity. Finally, the implementation of the 
proposed technique in a low-IF receiver system showed a 
desirable IRR of 65 dB along with a significant reduction in the 
adaptation time compared to the results in earlier studies. Thus, 
the proposed technique appears to be a promising solution for 
image rejection issues in that it increases both the speed and the 
accuracy of the output by adopting a unique step size updater. 
Moreover, it is feasible for use with a simple hardware 
configuration via a sign detection-only method. 

References 

[1] B. Razavi, “Design Considerations for Direct-Conversion 

Receivers,” IEEE Trans. Circuits Syst. II, Analog Dig. Signal 

Process, vol. 44, no. 6, June 1997, pp. 428-435. 

[2] Y. Cheng, “The Influence and Modeling of Process Variation and 

Device Mismatch for Analog/RF Circuit Design,” (invited) 4th 

IEEE Int. Caracas Conf. Devices, Circuits, Syst., Oranjestad, 

Aruba, Apr. 17-19, 2002, pp. D046:1-D046:8. 

[3] L.J. Breems, E.C. Dijkmans, and J.H. Huijsing, “A Quadrature 

Data-Dependent DEM Algorithm to Improve Image Rejection of 

a Complex Modulator,” IEEE J. Solid-State Circuits, vol. 36, no. 

12, Dec. 2001, pp. 1879-1886. 

[4] G.-T. Gil et al., “Joint ML Estimation of Carrier Frequency, 

Channel, I/Q Mismatch, and DC Offset in Communication 

Receivers,” IEEE Trans. Veh. Technol., vol. 54, no. 1, Jan. 2005, 

pp. 338-349. 

[5] K. Haddadi et al., “Four-Port Communication Receiver with 

Digital IQ-Regeneration,” IEEE Microw. Wireless Compon. Lett., 

vol. 20, no. 1, Jan. 2010, pp. 58-60. 

[6] L. Yu and W.M. Snelgrove, “A Novel Adaptive Mismatch 

Cancellation System for Quadrature IF Radio Receivers,” IEEE 

Trans. Circuits Syst. II, Analog Digit. Signal Process., vol. 46, no. 

6, June 1999, pp. 789-801. 

[7] C.C. Chen and C.-C. Huang, “On the Architecture and 

Performance of a Hybrid Image Rejection Receiver,” IEEE J. Sel. 

Areas Commun., vol. 19, no. 6, June 2001, pp. 1029-1040. 

[8] L. Der and B. Razavi, “A 2-GHz CMOS Image-Reject Receiver 

with LMS Calibration,” IEEE J. Solid-State Circuits, vol. 38, no. 2, 

Feb. 2003, pp. 167-175. 

[9] C.-H. Heng et al., “A CMOS TV Tuner/Demodulator IC with 

Digital Image Rejection,” IEEE J. Solid-State Circuits, vol. 40, no. 

12, Dec. 2005, pp. 2525-2535. 

[10] S. Lerstaveesin and B.-S. Song, “A Complex Image Rejection 

Circuit with Sign Detection Only,” IEEE J. Solid-State Circuits, 

vol. 41, no. 12, Dec. 2006, pp. 2693-2702. 

[11] G.-T. Gil, Y.-D. Kim, and Y.H. Lee, “Non-Data-Aided Approach 

to I/Q Mismatch Compensation in Low-IF Receivers,” IEEE 

Trans. Signal Process., vol. 55, no. 7, July 2007, pp. 3360-3365. 

[12] I. Elahi, K. Muhammad, and P.T. Balsara, “I/Q Mismatch 

Compensation Using Adaptive Decorrelation in a Low-IF 

Receiver in 90-nm CMOS Process,” IEEE J. Solid-State Circuits, 

vol. 41, no. 2, Feb. 2006, pp. 395-404. 

[13] H. Yoshida, H. Tsurumi, and Y. Suzuki, “DC Offset Canceller in a 

Direct Conversion Receiver for QPSK Signal Reception,” IEEE 

Int. Symp. Personal, Indoor, Mobile Radio Commun., Boston, 

MA, USA, Sept. 8-11, 1998, vol. 3, pp. 1314-1318. 

 
 
 
 
 
 
 
 
 
 
 
 



ETRI Journal, Volume 36, Number 1, February 2014 Suna Kim et al.   21 
http://dx.doi.org/10.4218/etrij.14.0113.0320 

Suna Kim received her BS and MS degrees in 

electrical engineering from the Korea Advanced 

Institute of Science and Technology (KAIST), 

Daejeon, Rep. of Korea, in 2006 and 2009, 

respectively. She is currently working toward 

her PhD degree in electrical engineering at 

KAIST. Her research interests include RF 

integrated circuit designs and further digital calibration circuit designs 

for wireless transceivers. Recently, her research interests extended to 

extremely high-frequency (THz) device and circuit designs based on 

CMOS technology. 

 

Dae-Young Yoon received his BS degree in 

electronics engineering from Soong-Sil 

University, Seoul, Rep. of Korea, in 2005 and 

his MS and PhD degrees in information and 

communication engineering at the Korea 

Advanced Institute of Science and Technology 

(KAIST), Daejeon, Rep. of Korea, in 2007 and 

is currently working toward his Ph.D. degree in electrical engineering 

at KAIST. His current research interests include CMOS-based RF and 

analog IC designs, such as LNAs, mixers, and envelope detectors for 

various radio transceiver applications. Currently, his research interests 

regard ultra-low power receiver and digital calibration circuits based on 

CMOS technology. 

 

Hyung Chul Park received his BS, MS, and 

PhD degrees in electrical engineering from the 

Korea Advanced Institute of Science and 

Technology (KAIST), Daejeon, Rep. of Korea, 

in 1996, 1998, and 2003, respectively. From 

2003 to 2005, he was an SoC design engineer 

with Hynix Semiconductor, Seoul, Rep. of 

Korea. From 2005 to 2010, he was an assistant professor at Hanbat 

National University, Daejeon, Rep. of Korea. In 2010, he joined the 

faculty of the Department of Electronic and IT Media Engineering, 

Seoul National University of Science and Technology, Seoul, Rep. of 

Korea, where he is currently an assistant professor. His current research 

interests include wireless modulation/demodulation algorithms, system 

design/implementation, and interface study between RF/IF stages and 

digital signal processing. 

 

 

 

 

 

 

 

 

 

Giwan Yoon was born in Pohang, Rep. of 

Korea, in 1959. He received his BS degree from 

Seoul National University (SNU), Seoul, Rep. 

of Korea, in 1983 and his MS degree from 

KAIST, Daejeon, Rep. of Korea, in 1985. Also, 

he received his PhD degree from the University 

of Texas at Austin, Austin, TX, USA, in 1994. 

From 1985 to 1990, he was with the LG Group, Rep. of Korea. From 

1994 to 1997, he was with the Digital Equipment Corporation, USA. 

From 1997 to 2009, he was a professor of the School of Engineering, 

Information & Communications University (ICU), Rep. of Korea. 

Currently, he is a professor in the Department of Electrical Engineering, 

KAIST. His research areas of interest include solid-state nano devices 

and intelligent algorithms and their applications for RF and wireless 

systems. Dr. Yoon is a member of IEEE and KIICE, Rep. of Korea. 

 

Sang-Gug Lee received his BS degree in 

electronics engineering from Kyungpook 

National University, Rep. of Korea, in 1981 and 

his MS and PhD degrees in electrical 

engineering from the University of Florida, 

Gainesville, FL, USA, in 1989 and 1992, 

respectively. In 1992, he joined Harris 

Semiconductor, Melbourne, FL, USA, where he was engaged in 

silicon-based RFIC designs. From 1995 to 1998, he was with Handong 

University, Pohang, Rep. of Korea, as an assistant professor in the 

School of Computer and Electrical Engineering. From 1998 to 2009, 

he was with the Information and Communications University, Daejeon, 

Rep. of Korea, and became a full professor. Since 2009, he has been 

with the Korea Advanced Institute of Science and Technology 

(KAIST), Daejeon, Rep. of Korea, in the Department of Electrical 

Engineering as a professor. His research interests include CMOS-based 

RF, analog, and mixed mode IC designs for various radio transceivers, 

especially the ultra-low power applications. Recently, his research 

interests extended to extreme high-frequency (THz) circuit designs, 

display semiconductors, and energy-harvesting IC designs. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


