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Abstract 
      In this paper, we consider the problem of analog sig-

nal imbalances between I- and Q- branches of the mod-

ulator/demodulator in OFDM systems. A novel compen-

sation approach is proposed to solve this problem using 

baseband processing techniques, allowing for flexible 

RF design for high speed wireless systems. In particular, 

the proposed solution models transmitter and receiver 

impairments due to mixer and filter imbalances ob-

served through channel related distortions. The solution 

is obtained by joint estimation and compensation of I/Q 

imbalance caused by the above impairments. The prob-

lem is studied for an OFDM wireless system and an an-

alytical solution is presented in this paper. A novel pre-

amble design is proposed to enable reliable estimation 

of the solution. Performance evaluations using 

MATLAB simulations are presented to confirm the ef-

fectiveness of the proposed method under various sce-

narios. 

 

1. Introduction 

      Precise RF components play a vital role in high qual-

ity signal transmission and reception at high data rates. 

Moreover, flexibility in reconfiguring these RF compo-

nents is desirable in order to support multiple modes of 

communication that is typical in modern systems. Mis-

matches in analog signal conditioning blocks due to 

manufacturing tolerances, component aging, or temper-

ature changes can lead to signal impairments such as 

phase offset, frequency offset, I/Q imbalance etc. These 

mismatches lead to corruption of the received signal 

quality which reduce demodulation performance at the 

receiver. As data rates and frequency of operation in-

crease, obtaining analog components required for relia-

ble transmission is challenging.  Digital signal pro-

cessing techniques offer cost effective methods to over-

come impairments due to the non-ideal RF components.  

Low-IF architectures use quadrature mixing 

which in theory provides perfect image rejection. In 

practice there are always imbalances in the analog front-

or back ends due to finite tolerance of analog compo-

nents implementing those analog signal conditioning 

blocks.  Imbalance between I- and Q- processing paths 

lead to the formation of image signals which contami-

nate desired signal components during up or down-con-

version. Compensating these mismatches using signal 

processing techniques results in flexible cost-efficient 

designs. In this paper, we examine and correct I-Q im-

balance in both transmitter and receiver along with the 

distorting propagation channel. A joint compensation 

technique is proposed that estimates the effect of a vari-

ety of analog transmitter and receiver imbalance param-

eters and compensate for them along with equalization 

of the channel to facilitate reliable demodulation of 

transmitted information. In Section 2, we provide a brief 

description of the problem of I-Q imbalance and its im-

pact on OFDM transceivers. In Section 3, we present the 

proposed joint estimation and compensation technique, 

followed by analysis and the new preamble design. In 

Section 4, we present simulation results for the proposed 

techniques. In Section 5, we provide a conclusion to the 

thesis along with an overview of potential future work. 

2. I/Q Imbalance in Digital Modulation 

      Digital modulation schemes are widely used in to-

day’s communication systems, typically in conjunction 

with OFDM (Orthogonal Frequency Division Multi-

plexing) for wideband transmission. In this paper, we 

base our studies on OFDM based communication sys-

tems that employ digital QAM modulation/demodula-

tion. In order to use the bandwidth more efficiently, I/Q 

modulation schemes use the same bandwidth twice by 

modulating on two orthogonal carriers, namely a sine 

and a cosine carrier. At the receiver we need to separate 

them in order to decode both the signals. Small differ-

ences in phase or amplitude between I & Q path can 

cause imbalance, significantly impacting the quality de-

modulation. We model and describe imbalance in the 

communication system as (a) frequency independent 

Mixer imbalance and (b) frequency dependent Filter im-

balance. Mixers cause imbalance due to phase and gain 

differences in the two paths. In the following character-

ization, shown in Figure 1, the imbalance in the phase at 

the transmitter and receiver are modelled as  and ε. In 

the ideal case, the phase imbalance coefficients are  

and ε = 0. The gain imbalance at the transmitter and re-

ceiver are modelled as  and , whereas in the ideal case 

 and  = 0.  

 

2.1 Impact of receiver I-Q Mixer Imbalance 

      The transmitted waveform from the balanced up-

converted modulator is modelled as follows: 
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                                 Figure 1. Imbalanced I-Q mixing and filter at Transmitter and Receiver 
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The transmitted waveform from the unbalanced up-converted modulator is modelled as follows: 
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Figure 2.  New spectral terms introduced due to imbalance in I-Q mixing 

 

As seen from the third line of (2), the signal from the 

imbalanced up converter contains the desired complex 

heterodyned term of the first line of (1) but it also con-

tains a j-cosine heterodyned term from the  phase im-

balance term and a j-sin heterodyned term from the  

gain imbalance term. The spectrum of the imbalanced 

complex sinusoid is shown in figure 2 along with the 

spectral shift of the complex baseband signal formed by 

the heterodyne with the imbalanced sinusoid. The im-

balance is seen to be responsible for an in-phase and a 

quadrature non-conjugate spectral image at the negative 

frequencies and for a quadrature image at the positive 

frequencies. For an example, due to the imbalance, in-

formation sent by an OFDM frequency tone +f leaks 

from the in-phase to the quadrature phase at the same 

frequency as well as from the +f frequency into its mir-

ror image frequency –f. The amplitude of the leakage 

terms are half the amplitude of the gain and phase im-

balance terms. Similarly signal tones on the negative fre-

quency axis will leak from –f to +f. This crossover leak-

age will severely degrade demodulation of high density 

constellations. The crossover terms we described and il-

lustrated in figure 2 for the up-conversion imbalance 

have a companion harmful effect in the imbalanced 

down-conversion process. 

  

2.2 Impact of Filter I-Q Imbalance 

      Another source of imbalance is filter imbalance that 

is caused by frequency dependent gain and phase differ-

ence of the analog filters in I and Q branches. The cosine 

and sine heterodynes move their shifted spectra through 

the in-phase filter HI(f) and the quadrature filter HQ(f) 

respectively. Gain and phase differences at any fre-

quency contribute images at that frequency of the form 



illustrated on the right side of Figure 2. In a manner iden-

tical to that shown in Figure 2, the transfer function of 

the positive frequency spectrum is formed by the sum of 

the positive frequency segments [HI(+f)+HQ(+f)]/2 

along with image response formed by the difference of 

the negative frequency segments [HI(-f)-HQ(-f)]/2. In 

the ideal case, HI(f) = HQ(f) which would cause the dif-

ference term to vanish.  In the real world the analog fil-

ters on I & Q branches are not exactly same which leads 

to frequency dependent image terms due to the filter im-

balance transfer function.  

We now illustrate the effect of filter imbalance. To best 

show the image effect we consider a case where an 

OFDM signal set is confined to positive frequencies. In 

this simulation, there is no contribution due to channel 

effects and the I-Q mixers at both modulator and demod-

ulator are ideal. Further, the filters at the transmitter are 

ideal and only the receiver filters are imbalanced. The 

imbalance is simulated by setting the pass-band fre-

quency edge of the I-path filter to be one-percent higher 

than the pass band frequency edge of the Q-path filter. 

The Matlab calls to the filter design files are shown in 

(3) 

 

[bb1, aa1] = cheby1 (5, 0.1, 20.2/50);            (3) 

[bb2, aa2] = cheby1(5, 0.1, 20.0/50); 

In figure 3, we see that the down converted positive fre-

quency spectrum with filter imbalance produces nega-

tive frequency images. Overlaid on the signal spectrum 

are the frequency responses of the equivalent sum and 

difference filters 

The key difference with filter imbalance compared to 

mixer imbalance is that the amplitude of the mirror im-

ages is frequency selective with filter imbalance while 

mixer imbalance does not produce frequency selective 

mirror images. 

 

 
 

Figure 3.  New spectral terms introduced due to imbalance in I-Q Filters  

 

3. Joint Modelling of Impairments 

      Let the transmitted symbol on the k-th tone be X(k), 

randomly chosen from an M-QAM constellation. The 

OFDM IFFT output is converted to an analog represen-

tation by a pair of DACs and passed through a pair of 

low pass filters to remove higher frequency spectral 

components. The output of the filtering operation is fol-

lowed by an I-Q up conversion of the complex baseband 

signal. The output of the transmitted signal is convolved 

with channel response. The received signal is down con-

verted by an I-Q down conversion and filtered by a pair 

of low-pass filters to limit the out of band signal band-

width. The analog I-Q signals are converted to their dig-

ital representation by a pair of ADCs.  

 

In order to consider imbalance scenario, the transmitter 

and receiver mixers are assumed to be imbalanced by α 

and ε and the b and d terms described earlier. Recall that 

α and b indicate gain imbalance in the mixers while ε 

and d indicates phase imbalance in the mixers. The input 

to the modulator mixers are filtered by the imbalanced 

smoothing filters and the output of the demodulator mix-

ers are filtered by the imbalanced anti-aliasing filters. 

Differences in the modulator and demodulator filter 

pairs lead to imbalances that cause spectral cross-talk 

images from positive tone (k) to negative tone (-k). To 

remove the cross talk, symbol detection is performed by 

jointly considering the positive and negative tones. After 

simplifications of the transmit, receive equations, the re-

ceived signal on the kth and –kth tone can be written as 

-50 -40 -30 -20 -10 0 10 20 30 40 50
-100

-80

-60

-40

-20

0

Spectrum of Down Converted I-Q Signal, Without Filter Imbalance

Frequency

L
o

g
 M

a
g

 (
d

B
)

-50 -40 -30 -20 -10 0 10 20 30 40 50
-100

-80

-60

-40

-20

0

Spectrum of Down Converted I-Q Signal, With Filter Imbalance

Frequency

L
o

g
 M

a
g

 (
d

B
)



* *

* * *

( )

Z(k) ( )X(k) X (-k) iX(k) iX (-k)
=

Z (-k) ( )X (-k) X(k) - iX (-k) - iX(k)

( )

P k

Q k

R k

S k

 
 

    
      

 
 

(4)
 

where P(k), Q(k), R(k) and S(k), are functions of the 

filter and mixer imbalance parameters at transmitter 

and receiver as well as the channel coefficients. 

3.1 Estimation of Impairments  

In normal OFDM we use a preamble to probe the chan-

nel to determine its frequency response. This response is 

used to invert the distortion induced by the channel. We 

extend this concept, using preambles to probe the I-Q 

filter and mixer distortion terms as well as the channel 

distortion terms. As seen from (4), there are 4 unknowns 

representing the mixer and filter I/Q imbalances. The 

unknowns represent the parameters of filter, channel and 

mixer imbalances. In order to estimate the unknowns, 

four equations are solve to solve for these parameters 

and two preambles are sufficient to supply the four equa-

tions. Thus, we propose the following dual preamble 

structure: 

 

Preamble 1 Preamble 2 Data Transmission

 
 

 Figure 4. Dual Preamble Structure 

Considering a second preamble V, in addition to X in 

(2), the estimate of the coefficients is obtained by simply 

inverting the matrix in the above equation, yielding the 

following: 
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where Z(k) and A(k) are the corresponding received 

symbols for the first and second preamble. The assump-

tion here is that the channel and impairments stay con-

stant over consecutive preamble symbols. The condi-

tions for the 2 preamble design to work are 

 

Matrix inverse in the estimation should exist. 

In order for this to be true, X(k)V*(-k) ≠ X*(-k)V(k)  

             (from the determinant of 4x4 matrix) 

 

With the above estimation, only the joint Tx/Rx filter 

response, I/Q leakage and channel can be estimated. The 

Tx and Rx I/Q leakage are not estimated separately.  

 

3.2 Compensation of Estimated Impairments  

      The vector of outputs at kth and –kth tones is a linear 

function of the vector of inputs at kth and –kth tones. 

Therefore, the estimation and compensation are linear 

operations on the tone pair as opposed to just a per-tone 

operation.  
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With the above estimation, only the joint Tx/Rx filter 

response, I/Q leakage and channel can be estimated. The 

Tx and Rx I/Q leakage are not estimated separately.  

 

4. Simulation Results 

In this section, we present simulation results for the pro-

posed joint estimation and compensation scheme. An 

OFDM system with NFFT= 1024 is considered with a 

CP length of 128. At both Tx and Rx, a pair of low pass 

Chebyshev filters is used, with filter order of 5 and stop-

band attenuation of 60dB. The filter offset between I & 

Q branch is 10% offset in the amplitude and 10% offset 

in the phase of the Q-component of the mixer. Also, a 

10% mismatch in the filter bandwidth is considered. 

Both AWGN and frequency selective channel are con-

sidered. When a frequency selective channel is used for 

evaluations, its impulse response is  

              [1 0 0.3i 0.1i 0.2i 0 0 0 0.05i 0.1i] 

The following is an illustration of the impact of I/Q im-

balance on the received constellation points before and 

after the proposed I/Q compensation scheme. 

      In this section, simulation results are presented for 

the symbol error rate obtained with different receiver 

schemes with and without I/Q imbalance at the transmit-

ter and receiver. For evaluation and comparison pur-

poses, three different receiver structures are considered.   

 
Figure 5. Mixer and Filter Imbalance output at  

Tx & Rx – 16QAM 
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Figure 6. Scenario 1, QPSK: Tx & Rx Mixer and Filter Imbalance 

a) AWGN Channel,                                                            b) Frequency Selective Channel 

 

 
Figure 7. Scenario 1, 64-QAM: Tx & Rx Mixer and Filter Imbalance 

 a) AWGN Channel,                                                          b) Frequency Selective Channel  

 

Receiver Scheme 1: Under the conventional assump-

tion of 1 preamble transmission, the channel estimate is 

obtained for each tone by dividing the received signal by 

the pilot symbol. Receiver Scheme 2: uses two back-

to-back preambles at the transmitter. At the receiver, 
joint channel estimation and I/Q imbalance compen-
sation is used to mitigate the impact of mixer I/Q im-
balance caused by Tx and Rx side impairments, as 
well as the filter I/Q imbalances at transmitter and re-
ceiver.  

5. Conclusions 

      In this paper, we addressed the problem of I/Q im-

balance, an impairment that can severely affect the reli-

ability of communication systems due to mismatched re-

sponses in the I- and Q- branch processing circuitry. We 

consider two main categories of I/Q imbalance: (A) 

Mixer imbalance and (B) Filter imbalance. We provided 

a detailed analytical formulation of I/Q imbalance and 

channel propagation and present a solution comprising 

Joint compensation of Tx and Rx, I/Q filter and mixer 

imbalance along with channel equalization and phase 

offset correction in one shot.,  

proposed a new dual preamble structure to allow for re-

liable estimation of I/Q imbalance coefficients, and pro-

posed joint estimation and compensation technique is 

able to fully compensate for Tx and Rx mixer and filter 

imbalance along with channel equalization. 
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