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Abstract: The use of direct-conversion receivers has widely been considered for digital cellular and radio messaging systems because it is quite suitable for highly integrated low power schemes. However, the direct-conversion receiver can suffer from severe interference due to inphase/quadrature (I/Q) mismatch because it does not employ bandpass filters to suppress the image band signal. In this paper, we propose a noble scheme for compensating the I/Q imbalance in the direct-conversion OFDM transceiver. The proposed scheme can improve the compensation performance by using more accurate reference signal that can be extracted from the nature of the OFDM signal. The performance of the proposed scheme is analyzed and verified by computer simulation.
Keywords: I/Q imbalance, OFDM

Ⅰ. Introduction
 The radio frequency (RF) module of communication receivers is usually realized using an IF or direct-conversion scheme. Since the IF receiver employs an digital inphase/quadrature (I/Q) mixer, it does not suffer from the so-called I/Q imbalance problem. Instead, the IF receiver needs very high speed analog-digital converters and SAW filters which may not be suitable for efficient integration. On the other hand, the direct-conversion receiver down-converts the passband signal directly into a baseband one and it can be realized in a highly integrated manner, suitable for small size communication systems such as the GSM and DECT transceivers [1]. However, its performance can seriously be degraded when the inphase and quadrature paths are not balanced. 
It is known that a direct-conversion architecture may not perfectly suppress the image band interference because of amplitude and phase imbalance between the I and Q channel in the analog front end [1]. Since the interference signal in the image band has almost the same power as the desired signal, it should be suppressed sufficiently enough to provide a desired signal-to-noise power ratio (SNR) in the direct-conversion receiver. This I/Q imbalance problem becomes more critical as the signal constellation size increases.

The I/Q channel imbalance problem has been treated using analog or digital methods. As an analog method, the use of oversampled sigma-delta modulation method was proposed to reject the image-band signal [2]. To avoid the need of complicated circuits for image rejection in the analog method, a digital scheme was proposed in [3], where a known tone signal is used to estimate the I/Q mismatch in an off-line manner. The use of adaptive schemes was considered in a low-IF receiver to track the imbalance of the I/Q mixer [4][5], where a least mean square (LMS) method is employed to compensate the SNR degradation due to the mismatch of I and Q paths. However, since accurate reference signal can not be used for the LMS adaptation, these compensators employ a minimum means square error (MMSE) solution as an approximated optimum one. Recently, the use of an frequency domain equalizer has been proposed to remove the I/Q imbalance effect in the OFDM system [6]. However, this scheme also cannot use accurate reference signal and thus it can not provide the optimum performance.
In this paper, we consider the design of an MMSE type compensator in the direct-conversion OFDM receiver. Analyzing the effect of I/Q mismatch in the direct-conversion OFDM receiver, we design an noble adaptive imbalance compensator by exploiting the characteristics of the OFDM signal. The proposed compensator can alleviate the performance degradation problem in the MMSE compensation schemes in [4][5] by using more accurate reference signal for interference removal. 

The I/Q imbalance problem in the direct-conversion OFDM receiver is discussed in Section II. An MMSE type compensator scheme is designed in Section III by exploiting the characteristics of the OFDM signal. The performance of the proposed MMSE compensator scheme is verified by computer simulation in Section IV. Finally, concluding remarks are given in Section V. 
II. I/Q imbalance in OFDM signal

A baseband equivalent OFDM signal can be represented as 
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where 
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 is the number of subcarriers, 
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 is the symbol duration of the OFDM signal and 
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 is the initial time of the symbol. The corresponding passband signal can be obtained by
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where the superscript 
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 denotes complex conjugate and 
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 is the carrier frequency. When I/Q imbalance exists in the analog module, it affects the carrier signal 
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where 
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and 
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 and 
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 represent the phase and amplitude error due to I/Q imbalance, respectively.

The demodulated signal after down-conversion and lowpass filtering can be represented as  
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where 
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 denotes the lowpass filtering process. Thus, the demodulated signal can be represented by a sum of the complex scaled desired signal and interfering signal in the image frequency of the desired signal. The spectra of these signal is depicted in Fig. 1. It can be seen that the image signal and the desired signal are mutually overlapped in the frequency domain.

Let 
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 be the transmit signal in the 
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-th subcarrier with respect to the carrier frequency. Taking the discrete-time Fourier transform (DFT) of (5), the received symbol 
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where 
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 and 
[image: image24.wmf]m

n

-

 are additive noise terms. Fig. 2 depicts the received signal model when I/Q imbalance exists in the direct-conversion OFDM receiver. Since the I/Q imbalance occurs in both the transmitter and receiver, the amount of the maximum phase and gain error can be as much as 10 degrees and 1dB, respectively, significantly deteriorating the receiver performance. As an example, Fig. 3 depicts the BER performance of the direct-conversion OFDM transceiver that has 64 subcarriers with 64-QAM signaling and 256-QAM signaling. It can be seen that higher the QAM signal level more sensitive to the I/Q imbalance. 
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Fig. 1  I/Q imbalance effect
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Fig. 2  I/Q imbalance in the OFDM receiver
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(a) 64-QAM signaling
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(a) 256-QAM signaling

Fig. 3  BER degradation due to I/Q imbalance in the OFDM receiver
III. Proposed I/Q imbalance compensation

MMSE type compensators were proposed in the form of a single-tap adaptive filter to compensate the I/Q imbalance in the single carrier system, where the filter coefficient is adjusted using a conventional LMS adaptation method [4][5]. It was shown that the MMSE solution can be close to the optimum one when the I/Q imbalance is not large. However, this approximation is not valid when the I/Q imbalance becomes large. We consider the use of this MMSE compensator in the zero-IF OFDM scheme as shown in Fig. 4.

Defining the slicer error by 
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where the subscript 
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 denotes the subcarrier index with respect to the carrier and 
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 is the input to the slicer 
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Defining the mean square error (MSE) by
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the optimum coefficient 
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 minimizing the MSE 
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 is obtained from [6] 
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Thus, the minimum MSE (MMSE) coefficient is determined by
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where 
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 denotes the SNR. In practice, the coefficient 
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 can be obtained by the LMS adaptation,  
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where 
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 is the step size for adaptation. It should be noted that the optimum compensator should be able to completely remove 
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. However the MMSE solution is not optimum because the MMSE compensator can not completely remove 
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It may be practical to maximize the signal-to-interference and noise power ratio (SINR) represented as 
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where 
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denotes the expectation of 
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. It can be shown that the optimum coefficient 
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 maximizing the SINR is determined by 
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Since 
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 is only available as the reference, which is a sum of the complex scaled interference signal 
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 and the desired signal, it may not be possible to accurately obtain the coefficient 
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. If the amount of I/Q mismatch is small (e.g., when 
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The performance of the MMSE I/Q imbalance compensator can be improved by exploiting the characteristics of the OFDM signal. In the OFDM receiver, all the signal components in the subcarrier frequency are available by taking the DFT of the received signal. Since 
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 can be recovered in the OFDM receiver, it can be used as the reference instead of 
[image: image56.wmf]m

d

-

 in the proposed I/Q imbalance compensator. The block diagram of the proposed I/Q compensator is depicted in Fig. 5, where the interference signal 
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 is obtained by the decision-directed method.  

The optimum coefficient 
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Fig. 4.  MMSE I/Q imbalance compensator in the zero-IF OFDM receiver.
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Fig. 5.  Proposed I/Q imbalance compensation structure in zero-IF OFDM receiver
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However, 
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It can be shown that the optimum coefficient 
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 is the same as 
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 of (13) and it can be obtained by using an LMS adaptation 
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Note that, unless the bit error rate (BER) of tentative decision for 
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 is very high, say BER
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, the performance of the proposed scheme is nearly affected. 

IV. Performance evaluation
To evaluate the performance of the proposed I/Q imbalance compensator, the proposed scheme is applied to an wireless LAN IEEE 802.11a OFDM transceiver scheme that comprises 64 subcarriers each of which employs 256-QAM signaling. The proposed compensator is trained first using known 50 preamble symbols and then using a decision-directed mode. The performance is verified by computer simulation in an AWGN channel when the initial value of 
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 is 10 degrees and 
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 is 1.0 dB. To verify the tracking performance, we assume that 
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 and 
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 are slowly time- varying (e.g., the value are changed in 1% during 1000-symbol time-interval).

The transient performance of the proposed receiver is evaluated in terms of the SINR. It can be seen in Fig. 6 that the proposed scheme provides more performance improvement as the input SNR (Eb/No) increases. This is mainly due to that the interference due to I/Q mismatch is more affective on the receiver performance than the noise when the SNR is high. 

Fig. 7 depicts the BER performance of the proposed imbalance compensator in the steady state under the same I/Q impairment condition as in Fig. 6. It can be seen that the proposed I/Q imbalance compensator successfully reduce the I/Q imbalance effect with a fractional dB SNR loss compared to that without any I/Q imbalance. It can also be seen that the performance of the proposed scheme is better than the MMSE compensation scheme, yielding an additional SNR gain of 0.8 dB at BER 10-5 . Note that the SNR gain increases as the size of the QAM signal constellation increases. It is shown that proposed compensator has better performance as the SNR and/or the SNR constellation size increase.

Fig. 8 depicts the steady state performance when the reference signal 
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 is obtained using tentative decision (i.e., with some errors) and without any error under the same I/Q impairment condition as in Fig. 6. It can be seen that there are no considerable performance degradation due to error in 
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 unless the error rate of the tentative decision is very high. 
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Fig. 6. Transient SNIR performance of the proposed compensator
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Fig. 7.  BER of the proposed I/Q imbalance compensator
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Fig. 8.  Performance degradation due to error in received signal

V. Conclusion
We have considered performance degradation due to I/Q imbalance in the OFDM transceiver. By exploiting the nature of the OFDM signal, we have proposed an improved MMSE I/Q imbalance compensator that utilizes correct reference signal for compensation. It is shown that the coefficient of the proposed compensator is the same as that of the optimum one. Finally the performance of the proposed scheme is verified by computer simulation.
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