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ABSTRACT 

Smith, Robert J. M.S.E., Purdue University, May 2012. Novel Quadrature Modulator 
Balancing Method. Major Professor: Abdullah Eroglu. 
 
 

Quadrature modulators are ubiquitous in modern communication systems due to 

the flexibility they provide. By simply generating an in-phase and quadrature-phase 

signal, nearly any type of modulated waveform can be created with a quad modulator. 

Although these devices are simple to use, they produce relatively large amounts of 

unwanted carrier and image signals. In many cases, they need to be calibrated before 

operation, or operated in a closed-loop to adjust the stimulating signals and null the 

undesired emissions. There have been many methods developed to iteratively find the 

appropriate correction factors needed to improve the spurious performance of these 

devices. In the following thesis, a method for rejecting the image and carrier leakage is 

proposed which solves for the correction factors directly from a limited number of 

measurements. This method is proven through simulations in Agilent’s Advance Design 

System (ADS) and Matlab/Simulink.  
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1. INTRODUCTION 

The basic function of communication systems is to send information from one 

place to another. Although this can be accomplished in a number of ways, wireless 

systems which transmit and receive electrical signals through free space have nearly 

replaced all other forms of communication over relatively long distances [1]. Most 

modern wireless systems utilize electro-magnetic waves with frequencies that operate in 

the Radio Frequency (RF) spectrum from a few hundred MHz to a few GHz. Electro-

magnetic signals in this range of frequencies have desirable propagation characteristics in 

terms of attenuation, directivity and structure penetration [4].  

In a typical wireless communication system, there exist one or more transmitters 

and one or more receivers. The transmitter places information onto an electrical signal 

(modulation), translates this up to an RF signal suitable for propagation through the 

medium and then sends this signal through free space. The receiver then performs the 

inverse of this operation by translating the RF signal back down to a lower frequency and 

then detecting the data on the signal (demodulation).  

One of the most important components in this type of system is the RF mixer as it 

is the device which provides frequency translation [1]. Mixers perform the mathematical 
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operation of multiplying two or more sinusoidal functions together [7]. Consider the 

trigonometric identity shown below. 

 sin ∙  

 

(1.1)

When two sinusoids are multiplied, two components are obtained. One product is 

a sinusoid with a frequency that is the sum of the two that were multiplied which we call 

the sum product, the other is a sinusoid with a frequency that is the difference of the two 

that were multiplied which we call the difference product. This process is intrinsically 

non-linear and as such, many other products are produced as well [7]; however, for 

simplicity only the sum and difference products are considered. 

There are three ports on a conventional mixer as shown in Fig. 1.1—two are 

inputs and one is the output. The local oscillator (L) port is exclusively an input port 

driven by a relatively strong signal. The Radio Frequency (R) port can be ether input or 

output and it is generally tuned to handle higher frequencies relative to the Intermediate 

Frequency (I) port, which is also bi-directional. 

 

Fig. 1.1 Mixer Up and Down Conversion Configuration 

The process of translating a relatively low frequency to a higher frequency, such 

as would typically be required in a transmitter, is called up-conversion. In this case, the 

R-port is the output. Conversely, translating a relatively high frequency down to some 
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lower frequency is called down-conversion. In the case of down-conversion, the I-port is 

used as the output of the mixer. 

RF mixers will always produce both the sum and difference product; however, in 

most cases only one of these products is desired. For this reason, the output signal of the 

mixer is usually filtered in order to reject the undesired product before the signal can be 

used. This, of course, adds size, weight and complexity to the design. There is, however, 

a special type of mixer which is capable of attenuating the undesired product. This type 

of mixer is known by many names, such as the single sideband (SSB) mixer, image-reject 

mixer, quadrature mixer and I/Q mixer. The term “image” is conventionally used to 

describe the sum or difference product which is undesired from mixing. 

 

 

Fig. 1.2 Image-reject Mixer (up-converter) 

As can be seen from Fig. 1.2, the image reject mixer is actually two mixers with 

some quadrature phase shifting on the L and I ports of one of the mixers. With an ideal 

image-reject mixer, the undesired products from each internal mixer arrive at the 

summing process exactly equal in amplitude and 180⁰ out of phase and, thus, completely 

cancel. In reality, there are RF impairments which cause amplitude scaling and phase 

shifting that are not equal in both paths so the system becomes imbalanced. This 
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imbalance causes a degradation of image rejection. There are also small DC offsets that 

arise from the mixing process which allow the LO frequency to leak through to the output 

as well [17].  

This type of mixer forms the basis for the quadrature, or I/Q modulator. The 

quadrature modulator, sometimes quad modulator, not only performs single side-band 

frequency translation, but it has the added function of placing information on the carrier; 

that is, it is both a single side-band mixer and a modulation device. Because of its 

simplicity and ease of use, quad modulators have been in wide use for decades. However, 

these devices suffer from the same impairments present in the image-reject mixer.  

Over the years, many methods have been developed to improve the performance 

of the quad modulator. Probably the most widely employed method to date is pre-

calibration where the system is measured prior to operation and correction factors are 

stored in memory to be recalled during operation. Since the imperfections in quadrature 

mixers are both frequency and temperature dependent, good calibrations are often long 

and complex which adds significant cost to the design [15].  

Although the mechanisms within the image reject mixer which create the 

unwanted products are well understood, they are not linear in nature. As such, finding the 

optimal correction factors quickly can be challenging. There has been much work in the 

communication industry to develop efficient methods simply to find the correction 

factors during calibration [9], [16].  

In this thesis a transmitter method is proposed which uses a quad modulator and 

measures the phase and magnitudes of the undesired output signals. The algorithm 

involved in making the corrections is neither iterative nor computationally intensive. It 
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will be shown that this method provides closed form solutions to the correction factors 

from a limited number of measurements. The proposed method is then demostrated 

through simulations in Agilent’s Advanced Design System (ADS) and Matlab/Simulink 

simulation software. 
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2.  THE QUADRATURE MODULATOR 

2.1 The Ideal Case 

In order to understand the challenges in obtaining the best performance from the 

I/Q modulator, it is useful to demonstrate, in detail, how it operates. First, consider the 

simple case of an ideal quad modulator to create a single continuous wave (CW) tone. In 

Fig. 2.1, the I and Q inputs have a relatively low baseband frequency, and the local 

oscillator input is at a much higher frequency . The composite output signal is . 

The ideal I/Q modulator is exactly balanced and has no DC offsets so there are no 

undesired emissions.  

 

 

Fig. 2.1 Quadrature Mixer Block Diagram 

  



-90⁰
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In practice, the I and Q signal could be generated digitally from a Field-

Programmable Gate Array (FPGA) device and Digital-to-Analog Converter (DAC) 

combination. Low pass filters with cutoff frequency approximately half the sample rate 

would also be necessary to eliminate the aliasing effect of the digitally generated I and Q 

signals [2]. The local oscillator (LO) could be created from a phase-locked loop (PLL) or 

some other tunable CW source.  

In a physically realizable system, the anti-aliasing filters would not have identical 

frequency response. In addition, internal to the actual device, the mixers themselves have 

different conversion loss as well as phase properties. Although the quadrature phase 

shifter in the LO path of the Q mixer in nominally 90⁰, it is also imperfect. And lastly, the 

power combiner does not perfectly combine the two input signals without providing some 

imbalance in magnitude and phase[10]. However, for the sake of the following derivation, 

these imperfections will be ignored. It will be shown in detail later how these 

imperfections impact the performance of the I/Q mixer.  

Now, consider the ideal quadrature mixer. Simple trigonometric identities can be 

used to derive the  signal. First, we consider the I path. There is a mixing operation 

to obtain . Using (A.(1) (appendix), we get 

cos cos cos cos  (2.1)

Now in the Q path, the LO undergoes a phase shift of -90⁰, in which case we use 

(A.(3) (appendix) to get the expression for the LO at the Q mixer. 

cos  (2.2)

We then obtain the expression for  by using (A.(2) (appendix) and we get 
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sin sin cos ∓ cos  (2.3)

The final operation is a sum of  and . 

cos cos

cos ∓ cos  (2.4)

From the above equation, it can be seen that by changing the sign of the Q input 

signal, we can choose to cancel either the upper side band ) or the lower 

sideband . This concept is visually represented in Fig. 2.2 below. Fig. 

2.2(a) represents  and when the sign of the Q input is positive. In this case it can 

be seen that when  and  are added together, the upper side band will cancel. The 

composite output signal  then becomes  

cos  (2.5)

Conversely, Fig. 2.2(b) shows the case where the sign of the Q input is negative, thus 

cancelling the lower side bands. 

 

Fig. 2.2  and  components for ±Q 
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2.2 The Non-Ideal Case 

Now let us consider the case of a non-ideal quad modulator. Fig. 2.1 is redrawn 

below in Fig. 2.3 to show sources of imperfections inherent in the RF circuitry as well as 

the DC offsets which can exist at the output of digital-to-analog converters (DACs). Also 

included are the low pass filters required to reject aliasing effect of digitally generating 

the signals. These filters have some frequency-dependent loss and phase shift which are 

not necessarily the same for both the I and Q channels [10]. In the model, this is shown as 

 and  for the I channel and  and  for the Q channel.  

 

 

Fig. 2.3 Non-ideal Quad modulator 

The LO input to the Q mixer is required to be phase shifted by -90⁰. In most cases, 

this is accomplished by using a poly-phase filter [3]. Another technique which uses a 

divide-by-two flip-flop achieves better results, but requires the LO to be twice the desired 
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frequency [15]. However, in both cases the phase shift is not exactly -90⁰ and also 

frequency dependent [10]. This imperfection is accounted for the model by Φ .  

Another source of imbalance occurs in the mixing and summing process. The I 

and Q mixers do not have exactly the same conversion loss and phase properties. The RF 

summing process, which is essentially an RF power combiner, is also not perfectly 

balanced in amplitude and phase [10]. Therefore, there is a certain amount of gain/loss 

and phase shift which occurs during the mixing and summing processes which is 

different between the I and Q paths. This is represented in our model by assuming the 

two mixers and the summer to be ideal, and then adding the amplitude responses,  

and , and phase responses,  and , to account for the errors in both 

processes.  

Lastly, there is the effect of the DC offsets which gives rise to carrier leakage at 

the output. These DC offsets are result of a mismatch of the internal transistors of the 

quadrature modulator [18]. These DC offsets are included by adding the DC terms  

and  to the I and Q channel inputs respectively.  

Using vectors to visually represent sinusoids is a useful way to visualize the effect 

the RF impairments have on quadrature modulator performance. In the following figures, 

sinusoids will be represented as vectors with a magnitude and phase. Since these vectors 

will have different frequencies, a third dimension is added to represent frequency. Signals 

pertaining to the I path are shown as blue vectors and signals pertaining to the Q path are 

represented as red vectors. For instance, the I and Q input signals are shown below in Fig. 

2.4. 
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Fig. 2.4 I and Q inputs 

2.2.1 I path 

Referring to Fig. 2.5 and starting at the I channel input, the I signal undergoes a 

phase and amplitude shift through the low pass filter. This phase shift is, of course, 

dependent on the baseband frequency of the sinusoid since the response of the filter is 

frequency dependent. The DC offset has no phase, so it remains unchanged. 

co s DC  (2.6)
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Fig. 2.5  Vector Representation 

 

Now  is mixed with the LO to obtain the up-converted signal . 

∙ cos DC  (2.7)

Using (A.(1), this expression becomes 

cos

DC  (2.8)

Multiply the argument of the second term by -1. 

cos

1 DC  (2.9)

We define new frequencies 

 (2.10)

 (2.11)

 



13 

 

Using these new frequencies, and the fact that cosine is an even function (A.(4), 

we have 

cos cos

DC  (2.12)

The expression for  is visually represented in Fig. 2.6 

 

 

Fig. 2.6  Vector Representation 

 

As described earlier, the summing operation is also imperfect, so it has been 

represented as a perfect summation with some gain and phase shift added to it. There are 

three frequency components—each with its own phase shift. , can be expressed as 

G ω cos

G ω cos 	

DC G ω  (2.13)

)(
2

1
bbFLIG 
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This expression is cluttered with phase and amplitude terms and is cumbersome. 

If each frequency is considered by itself, this expression can be simplified by defining the 

following six terms 

 (2.14)

 (2.15)

G ω
2

 
(2.16)

G
G ω

2
 

(2.17)

DC  (2.18)

 (2.19)

 

Therefore, the I path signal at the input of the perfect summation operator is 

G cos ω t G cos ω t  (2.20)

 

 

Fig. 2.7  Vector Representation 
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Equation (2.20) is an expression for the effective I channel signal before perfect 

summation with Q. There are three frequency components and each has undergone an 

unknown amplitude and phase shift. 

2.2.2 Q path 

Derivation of the Q path signal is similar to the I path signal except the input signal 

is a sine rather than a cosine function. Now, the case will be considered where 

 which would tend to cancel the upper sideband. There is no loss in 

generality since it is obvious that by changing the sign of Q, the lower sideband can be 

cancelled in lieu of the upper sideband. As with the I path, the input Q path signal 

undergoes a phase and amplitude shift through the low pass DAC filter.  

sin DC  (2.21)

 

 

Fig. 2.8  Vector Representation 
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In the LO path to the Q mixer there is a nominal -90⁰ phase shifter (see Fig. 2.3); 

however, due to the fact that this phase shift is imperfect, a phase error is added making it 

a sine wave at the Q mixer with an added phase term . This signal is mixed with  to 

obtain . 

sin DC sin ω t  (2.22)

Using (A.(2), this term is expanded 

1
2
cos ω t

cos ω t

DC sin ω t  (2.23)

Again, the argument of the first term is multiplied by -1 to exploit the fact that 

cosine is an even function ((A.(4) in appendix) the following is obtained. 

1
2
cos ω t

cos ω t

DC sin ω t  (2.24)

By using the frequencies defined in (2.10) and (2.11), this expression can be 

simplified to  

1
2
cos ω

cos

DC sin ω t  (2.25)

The expression for  is visually represented below in Fig. 2.9.  
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Fig. 2.9  Vector Representation 

 
As with the derivation of the I path signal, the imperfections in the summing 

operation are accounted for. There are 3 frequency components—each with its own phase 

shift. So  can be expressed as 

1
2
G ω cos ω

G ω cos

DC G ω sin ω t  (2.26)

The following six terms are defined in order to simplify (2.26) by considering 

each individual frequency by itself. 

 (2.27)

	  (2.28)

)(
2

1
bbFLIG 
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∙ G ω
2

 (2.29)

G
∙ G ω
2

 (2.30)

DC  (2.31)

 (2.32)

Therefore, the Q path signal at the input to the perfect summation operation is 

∙ G cos ω t G sin ω t ϕ  (2.33)

 

Fig. 2.10  Vector Representation 

 
Equation (2.33) is an expression for the effective Q channel signal before perfect 

summation with I. This signal is visually represented in Fig. 2.10 above. There are three 

frequency components and each has undergone unknown amplitude and phase shifts 

which are different from I and therefore degrade the image rejection performance of the 

system. 
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2.2.3 Summation of I and Q 

Finally, in order to get  as shown in Fig. 2.3,  and  are added together to 

obtain 

G cos ω t

G sin ω t ϕ

G cos ω t

G cos ω t  (2.34)

There are six sinusoidal terms, but only three frequency components—the upper 

sideband, lower sideband and the LO component. The terms in blue are associated with I, 

and the terms in red are associated with Q. For simplicity sake, the LO component is first 

disregarded in order to discuss the desired and image signals. We will call this term  

which contains some desired (RF) and some image (IM) components, but disregards the 

LO component.  

 (2.35)

∙ ∙  (2.36)

G ∙ cos ω t G ∙ cos ω t  (2.37)
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Fig. 2.11  

The composite signal , shown in Fig. 2.11, is the output and it contains both 

the desired RF component and the undesired image. In order to get ideal image rejection 

from a non-ideal quad modulator, the phase and amplitude of the input signals (I and Q) 

need to be adjusted such that the vectors of the image signals, (2.37), completely cancel 

as they are added together at the summation process. This requires knowledge of the gain 

and phase response of the I and Q channels separately. Further, the degree of accuracy of 

this knowledge is crucial, especially in terms of phase. This is demonstrated in Fig. 2.12 

below.  
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at the nominal correction factors. It will be shown later that by using the phase 

information as well as the magnitude of these signals, the correction factors can be found 

by simply solving a simple algebraic equation. 

Now, consider LO component at  and disregard . 

G sin ω t ϕ G cos ω t  (2.38)

Unlike the image, the mechanism for cancelling the LO is not a process of 

adjusting vectors so that they destructively interfere. Instead, there is a steady DC offset 

present in each signal path that is completely independent of the other. This can be seen 

by decomposing G  and G  into their individual parts as shown in (2.18) and (2.31).  

DC and DC  (2.39)

Each component contains two things: the fixed DC offset at each channel, and a 

gain term associated with the summing process. The gain term, of course, is 

unchangeable; however, by adding or subtracting some DC to each channel, the DC 

terms can be reduced, thus the LO term seen at the output can be minimized. As with the 

image, it will be shown that by using phase and magnitude information, the correct DC 

offsets can be solved for directly. 
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3. METHOD FOR CANCELLING THE IMAGE 

3.1 Overview of Image Cancellation Technique 

To briefly overview the proposed image cancellation system shown in Fig. 3.1, a 

sample of the RF output of the quad modulator is mixed with a signal at the image 

frequency, thus converting the image component directly to DC. The I and Q paths are 

then excited separately with a CW tone whose phase is swept from 0 to 2π radians. The 

resulting DC output is a sinusoidal function with respect to the swept phase of the 

exciting tone. This sinusoid has amplitude and phase related to the errors imposed in each 

path. The I and Q test signals are then compared to each other to obtain the correction 

factors. 

 

Fig. 3.1 Block Diagram and Signals of I path Measurement 

90

R
I L
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3.2 Using a Mixer as a Phase Detector 

When two signals of identical frequencies are applied to a mixer, there is a DC 

component at the output which has a sinusoidal relationship to the phase difference of the 

two signals [11]. 

 

Fig. 3.2 Ideal Mixer as Phase Detector 

 
For instance, suppose we are driving the LO and RF ports of an ideal mixer with 

sinusoids of identical frequency but different phase as shown above in Fig. 3.2. Both the 

sum and difference products will be present at the output of the mixer. However, if a low 

pass filter is employed, the sum product can be rejected and we will only see the DC 

signal representing the difference product. Then as the phase of one of the signals is 

swept, the resulting DC values seen at the IF port is will trace out a sinusoid (see Fig. 3.3). 
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Fig. 3.3  of Ideal Mixer 

It can be seen that by incrementally adjusting the phase, of one of the signals from 

0 to 2  radians and recording DC output of the mixer, the resulting signal is a cosine 

function with amplitude and phase related to that of the other signal. 

In a real mixer there will be an unavoidable DC offset which will tend to shift the 

curve in Fig. 3.3 up or down [11]. There is also a small phase offset which arises due to 

the fact that the ports of the mixer are necessarily matched for different frequency bands 

[7]. The phase offset will shift the curve left or right. In the system model, both of these 

terms will be accounted for. 

3.3 Cancelling the Image 

To simplify the derivation of how the image can be cancelled, the LO leakage 

term is ignored. Referring to Fig. 3.1, consider the case where the upper sideband is the 
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undesired signal and therefore needs to be reduced. In this case, the upper sideband is the 

image signal and the lower sideband is the desired signal. For the first measurement, only 

the I path is excited. Since there is no Q signal, there is also no quadrature nulling, so a 

large amount of both the desired and image signals are present at the output of the 

quadrature modulator. The output of the system is sampled through a coupler and fed into 

the RF port of a mixer. The signal driving L port of the mixer is identical in frequency to 

the image. As such, the image signal is down-converted directly to 0Hz, or DC, as shown 

in Fig. 3.4(b). A very low frequency low-pass filter is used at the IF port of the mixer to 

reject all frequencies except the DC component. This DC term is now a representation of 

the image signal which needs to be reduced.  

 

Fig. 3.4  and  from I test signal 

 
The imperfections in the mixer must be taken into account. An extra DC term has 

been added,  to account for the DC offset in the mixer. The phase shift has been 

accounted for by the phase term  . Also, since the phase of the LO is an unknown 

term, it must also be included. We call the composite test signal . 

cos  (3.1)
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For the Q path, this process is repeated a second time, only this time the I path is 

inactive and the Q path is excited with a sinusoid in quadrature with the first test signal 

(see Fig. 3.5). The recorded set of DC values  is a sinusoid similar to that of the I 

path; however it will have a different phase  and amplitude  that is related to Q 

component at the output of the quadrature modulator plus some DC offset  and phase 

offset  resulting from imperfections in the mixer. 

cos  (3.2)

 

 

Fig. 3.5 Block Diagram and Signals of Q path Measurement 

 
The DC offset induced by the mixer is a function of the magnitude of both the LO 

and the RF signals [11]. Since the same LO signal is used for both the I and Q signals, the 

variation in the DC offset will only be effected by the signal present at the RF port. 

Therefore, DC offsets can be removed by subtracting the average from each signal which 

yields 

Q
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cos  (3.3)

cos  (3.4)

As explained above, there is also a phase offset induced by the mixer. The effect of 

this phase offset is that the null at the output of the mixer occurs at some relative phase 

other than exactly 2⁄  [11]. Since the I and Q test signals are identical in frequency, the 

phase offsets introduced by the mixer will also be identical. This is important because 

what is of interest is the relative phase and amplitude imbalances between the I and Q 

paths, not the actual values. Equations (3.3) and (3.4) can then be simplified to 

cos  (3.5)

cos  (3.6)

However there is one more thing to consider when measuring the phase of  and 

; and that is the phase of LO signal, . While it was stated earlier that  and 

the baseband sources are phase-locked, this does not guarantee that the relative phase of 

 will be identical during the actual measurement of  and ; hence the 

different values  and .  

Therefore, what is required is either knowledge of the phase of  at the time of 

each measurement, or to somehow ensure that the phase of  is identical during both 

measurements which would then allow it to be disregarded. One simple way of 

accomplishing the latter is to ensure that the time interval between measuring  and 

 is exactly an integer multiple of a period of . This can be accomplished in a 

real-time system where the user can control the exact time events take place. It is 

assumed for the sake of this derivation that it is this type of system that is used. For this 
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reason, the phase of  is treated as identical for both measurements and the phase of 

this signal does not contribute to the phase imbalance of the measurement. This further 

reduces equations (3.5) and (3.6) to 

cos Δ  (3.7)

cos Δ  (3.8)

Where ∆  represents the total phase change through the I path and Δ  represents 

the total phase change through the Q path. In order to properly balance the quadrature 

modulator, the amplitudes and phases of  and  must be made equal. Only one of the 

channels, say the Q path, needs to be adjusted in order to accomplish this. Therefore, the 

correction factors for the Q channel are defined as follows. 

 (3.9)

Δ Δ  (3.10)

The correction factors are applied to the transmission signal as follows 

cos  (3.11)

sin  (3.12)

3.4 Linear Algebraic Model for Image Cancellation System 

The system in Fig. 3.5 can be mathematically modeled in a slightly different manner 

than just demonstrated. Consider the equations for the measurement signals (3.7) and 

(3.8). These equations represent the output of the system and each is a sinusoid with a 

certain magnitude and phase dependent on the response through the I or Q channel. These 



30 

 

signals could also be represented as two-dimensional vectors with real and imaginary 

dimensions. 

 

Fig. 3.6 General Vector Representation of Sinusoid 

 
Now consider the input signals to the system. The I path input is ideally a sine 

function which, in vector notation, can be represented as 1
0

. The Q path input 

conversely is a cosine function which lags sine by 90⁰ and therefore has is represented by 

0
1

.  

The process for cancelling the image requires one path to be measured while the 

other is silenced. So, when measuring, say the I path, it can easily be seen that the input is 

a vector and the output is also a vector (3.7) only with a different phase (rotation) and 

different magnitude (dilation). In linear algebra, this is a specific type of linear operation 

called a rotation matrix [5]. It has the form 

 (3.13)
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Where K is a scalar and θ is the angle of rotation. Notice the symmetric nature of 

this matrix is such that there are only 2 unique elements. This, of course, is also true of 

the Q path measurement. 

With this in mind, the system can be represented in simple algebraic terms. 

 

Fig. 3.7 Algebraic Model for Image Cancellation System 

 
 (3.14)

Where 

	 	

	  

More generally, this can be described as 

V
V

i
i

q
q  

(3.15)

Equation (3.15) represents one measurement of the vector V with one set of 

stimulus I and Q. This is a system of two equations with four unknowns (in red). Two 

measurements are required to resolve all of the unknown quantities—which is what was 

required using the previous model setting up a system of four equations with four 
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unknowns. The simulation of this process is trivial and, as such, was not simulated. 

Equations (3.16) and (3.17) below should serve as sufficient proof of the concept. 

V
V

i
i

q
q  

(3.16)

V
V

i
i

q
q  

(3.17)

One advantage of using the algebraic model of the image cancellation system in 

lieu of the one previously described is that there is no requirement to silence one of the 

channels in order to measure the response of the each path. This would allow the 

possibility of actively employing the image cancellation process during, rather than prior 

to, transmission.  

In fact, with the algebraic model, the user would not be limited to using a mixer to 

measure the phase and magnitude of the image signal. Any system which provides phase 

and magnitude information of the image signal could utilize this process to cancel the 

image. For instance, Vasudev and Collins [12] proposed a system which uses a simple 

square law detector to gain access to phase and magnitude information of the undesired 

signals. This type of hardware implementation would be well-suited for cancelling the 

image in this manner. 
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4. METHOD FOR CANCELLING THE CARRIER (LO) 

4.1 Overview of LO Cancellation Technique 

A method for cancelling the LO leakage in a quadrature modulator is proposed in 

this section. For this derivation, the RF and image components of the composite signal 

are disregarded—only the LO components are considered. As explained previously, DC 

offsets will be added to the I and Q signals to cancel the offsets that exist to create the LO 

leakage. The goal of the system is to find the correct DC offset for each channel.  

 

 

Fig. 4.1 Quad Modulator LO Cancellation System 

. 

90

R
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The LO cancellation system shown in Fig. 4.1 is similar to the one proposed for the 

image by down converting the undesired signal to DC. By incrementally changing the 

phase on  from 0 to 2π radians and monitoring the resulting DC output at  a 

relative measure of the phase and magnitude of the LO signal can be obtained. This 

process of using a mixer as a phase detector was shown in section 3.2. The offsets which 

need to be cancelled are represented by  and . The terms ∆  and ∆   are the 

offsets which are used to null these terms. The goal is to determine what these correction 

factors should be. 

4.2 Linear Algebraic Model for LO Cancellation System 

The system in Fig. 4.1 can be converted to a linear algebraic model similar to the one 

created for the image cancellation system. Since all of the signals in the system are phase-

locked and identical in frequency, the time-varying aspect of the sinusoids can be ignored 

and each can be treated as a vector with phase and magnitude dimensions (see Fig. 3.6). 

There are addition and multiplication operations in the quadrature modulator. Each 

RF mixer is a multiplication process and the summing operation is obviously an addition. 

Consider what happens to the LO vector as it passes through a mixer with DC present on 

the other input. Recall from the analysis of an unbalanced quadrature modulator, it was 

found that the LO signal at the output was (note: all unknown quantities are in red) 

G ∙ sin ω t ϕ G ∙ cos ω t  (4.1)

This expression was simplified by defining equations (2.18) and (2.31). 

DC and DC  (4.2)

If these definitions are placed back into (4.1), it becomes 
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DC ∙ sin ω t ϕ DC ∙ cos ω t  (4.3)

The above expression describes the sum of a sine vector 0
1

, and a cosine vector 

1
0

 which have undergone a rotation (phase shift of ϕ  and ) and dilation 

(multiplication by the scalars DC  and DC ). Again, there is a specific 

type of matrix, called a rotation matrix [5], which performs this operation. It has the form 

 (4.4)

Where K is a scalar and θ is the angle of rotation.  

Back to the system proposed in Fig. 4.1, the terms denoted by Δ  and Δ  are added 

in with the intention of cancelling  and . This can be described by the equation 

DC ΔI cos ω t

DC ΔQ sin ω t ϕ  (4.5)

Now, by representing the sinusoidal expressions in vector format, (4.5) can be 

represented using vectors and matrices. 

LO
LO

1
0
DC 1

0
ΔI 0

1
DC 0

1
ΔQ 

(4.6)

Where 

cos sin
sin cos

 
 

cos sin

sin cos
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Equation (4.6) is a linear algebraic expression for the LO component at the output 

of the quadrature modulator. This expression includes all of the RF impairments and 

offset corrections applied to the circuit. However, the down conversion is not included.  

Much like the image cancellation process, the output signal is down converted 

directly to DC. A low pass filter can be used to reject all other components of the output 

signal and observe only the LO leakage. By sweeping the phase of  from 0 to 2π and 

measuring the resulting DC output of the mixer with respect to the phase of , the 

mixer is being utilized as a phase and magnitude detector as previously shown.  

There is some phase and amplitude response involved in the down conversion 

process when physical devices are used. However, this can also be modeled as a simple 

rotation matrix  (see Fig. 4.2 below). The measured term V can be defined using 

vectors and matrices. 

V
V

1
0
DC 1

0
ΔI 0

1
DC 0

1
ΔQ  (4.7)

 

 

Fig. 4.2 Linear Algebraic Model for LO Cancellation System 



37 

 

This system can be further reduced in complexity by distributing M inside the 

parenthesis in the above equation. 

V
V

1
0
DC 1

0
ΔI 0

1
DC

0
1
ΔQ (4.8)

Two new terms are defined. 

 (4.9)

 (4.10)

These new matrices  and  are also rotation matrices since they themselves are the 

product of rotation matrices [6]. The expression for V then becomes 

V
V A 1

0
DC ΔI 0

1
DC ΔQ  

(4.11)

 

 

Fig. 4.3 Simplified Mathematical Model of LO Cancellation System 

4.3 Cancelling the LO 

Recall that the terms ΔI and ΔQ are to be used to nullify the LO. Also, the output 

of the system is measured, so  and  are known. The unknown quantities in Fig. 4.3 

are the matrices  and  and the scalars  and . All of the unknown terms must 

be resolved in order to find the appropriate DC offsets. This is simplified by the fact that 
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both  and  are rotational matrices since each of them is the product of two 

rotational matrices [6], which contain only two unique elements. Equation (4.11) can be 

expressed as  

V
V

a a
a a

1
0

DC ΔI
b b
b b

0
1

DC ΔQ  (4.12)

All unknown quantities are in red. This expression represents one measurement of 

the vector V with one Δ , Δ  pair of DC offset. This is a system of two equations with 

six unknowns (see below); so a minimum of three measurements is required to solve for 

all of the unknowns. 

Δ Δ  (4.13)

Δ Δ  (4.14)

If all of the unknown terms are collected in order to separate them from the 

known terms, then the following two constants are defined. 

 (4.15)

 (4.16)

With these new terms defined, the two expressions (4.13) and (4.14) then become 

Δ Δ  (4.17)

Δ Δ  (4.18)

Given that the unknown quantities are constant, three measurements are needed to 

set up a system of six equations with six unknowns. This will be accomplished by first 

arbitrarily choosing starting DC offset corrections (Δ , Δ  and measuring V. For the 

second measurement of V, only ΔI is changed and ΔQ is left constant Δ , Δ . Finally, 
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the original ΔI is restored and a new guess is made for ΔQ Δ , Δ  for the last of the 

three measurements of V. 

Δ Δ  (4.19)

Δ Δ  (4.20)

Δ Δ  (4.21)

Δ Δ  (4.22)

Δ Δ  (4.23)

Δ Δ  (4.24)

The solutions to the four unknowns then become 

Δ Δ
 (4.25)

Δ Δ
 (4.26)

ΔQ Δ
 (4.27)

ΔQ Δ
 (4.28)

The unknown rotational matrices are now defined, therefore  and  can now 

also be solved. 

Δ Δ  (4.29)

Δ Δ  (4.30)

The system is now a set of two equations with two unknowns, which are the DC 

offsets. 
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 (4.31)

 (4.32)

Solving this set of equations yields 

 (4.33)

 (4.34)

Recall that the objective is to cancel these inherent DC offset values which are the 

source of the LO leakage. In order to accomplish this, all that is needed is to set ∆

 and ∆ . 

As with the algebraic model for the image cancellation process, all that is required 

for the LO cancellation, is a system which provides phase and magnitude information for 

the undesired LO signal. By measuring V with three different Δ , Δ  pairs, the correct 

DC offset can be solved through a system of six equations with six unknowns. The user is 

not limited to using a mixer to measure the relative phase and magnitude of the LO signal. 

This method is valid for any system which provides phase and magnitude information of 

the LO signal at the output of the quadrature modulator, however, the simulations 

described in this thesis use the mixer method. 
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5. SIMULATIONS 

Simulations were performed in Agilent’s Advance Design System (ADS) software 

and Matlab/Simulink in order to validate the proposed system. Due to the complexity of 

the overall system simulation, it is instructive to take each piece one at a time. 

All of the simulations performed in ADS were harmonic balance simulations. 

Harmonic balance is a frequency domain simulation which computes the steady-state 

response of non-linear RF circuits. This method assumes a few input sinusoids as well as 

a number of their harmonics dependent on the order of the simulation, chose by the user. 

The output is a sum of sinusoids which includes the input sinusoids and any significant 

harmonics and mixing terms [21]. 

Matlab/Simulink was used to simulate the measurement process to obtain the LO 

cancellation DC offsets. A Matlab script was used to invoke the Simulink model of the 

LO cancellation system. The script generated the stimulus and performed the correction 

factor calculations based on the measured values obtained from running the Simulink 

model. These correction factors were then applied to the ADS harmonic balance 

simulation to prove validity. 
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5.1 Unbalanced Quadrature Modulator Simulation 

5.1.1 Simulation setup for unbalanced quadrature modulator in ADS 

A model for a quadrature modulator which includes RF imperfections was created 

in ADS (shown in Fig. 5.1) and a Harmonic Balance simulation was performed. Phase 

and gain imbalances were added to the I and Q channels in order to show degraded image 

rejection. DC offsets were also added into I and Q which create the LO leakage. These 

imperfections were chosen to reflect performance of typical quadrature modulators on the 

market today.  

The input signal for the I channel is a CW tone at 10MHz with a phase of 0⁰ 

(cosine) and the Q input signal is a CW tone at the same frequency shifted by -90⁰ (sine). 

The LO source has a frequency of 500MHz with 0⁰ phase. Since the Q signal is a positive 

sine function, the quadrature modulator is configured to cancel the upper sideband 

(510MHz). The desired RF signal is the lower sideband (490MHz). 

For simplicity all imbalances were added to the Q side, except the DC offset 

which allows LO leakage. Adding phase and gain imbalances to only one side is valid 

since the image rejection depends only on the relative imbalance between the two 

channels. The nominal 90⁰ LO phase shifter for the Q channel has 0.5⁰ of phase error—

callled phi_err in the simulations. There is also another 0.2⁰ of phase error, called 

phi_err1, added to the Q side before the RF combiner to simulate phase error in the 

summing circuit. An amplitude imbalance of 1.1 is also added to the Q side as variable A. 

For the LO leakage, 10mV of DC offset is added to the I channel and 30mV of DC offset 

is added to the Q channel. 
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Fig. 5.1 UnbalancedQuadrature Modulator Model in ADS 
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5.1.2 Simulation results for unbalanced quadrature modulator 

As can be seen from the results in Fig. 5.2, there is significant carrier and image 

signals present in the output. For this reason, measures are normally taken to improve this 

performance by pre-distorting the input signals to account for these imbalances and 

offsets. One way that this can be accomplished is by a calibration process where the 

spectrum is monitored as the phases, amplitudes and DC offsets are manipulated to obtain 

the best result [15]. This lengthy process is performed at many frequencies and 

temperatures depending on the application. 

 
Fig. 5.2 Unbalanced Quadrature Modulator Simulation Results 
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5.2 Mixer as a Phase Detector Simulation 

5.2.1 Simulation setup for mixer as phase detector in ADS 

The ability to null the image and LO is dependent on the process of using a mixer as 

a phase detector. This process was modeled and simulated in ADS (see Fig. 5.3).  
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RF

LO source of 500MHz
with phase swept from
0 to 360 degrees
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Fig. 5.3 ADS Simulation of Using a Mixer as a Phase Detector 

Two CW tones with identical frequencies of 500MHz are applied to the LO and RF 

ports of a mixer. The signal at the RF port has a phase shift of 30⁰. The phase of the LO 

signal is swept from 0⁰ to 360⁰ in 1⁰ increments. The amplitude of the RF signal is also 

swept from 0.8V to 1.2V in 100mV increments. Since the mixer model in ADS does not 

include the DC offset that a physical mixer would normally have, an external DC offset 
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of 2.5V was applied to the output of the mixer through a voltage-controlled-voltage 

source.  

The purpose of this simulation is to demonstrate three concepts. First, by 

sweeping the phase of one of the input signals and charting the DC output of the mixer 

versus phase, the relative phase of the other input signal can be determined. Second, the 

magnitude of the resulting sinusoid is a function of the magnitude of the RF input signal. 

And lastly, the inherent DC offset can be determined by simply taking the average value 

across all phases. 

5.2.2 Simulation results for mixer as phase detector 

The harmonic balance simulator produces data for all product frequencies 

specified by the user in the simulation setup. In our case, there are 2 identical frequencies 

mixing together to produce DC, twice the frequency, three times the frequency and so on. 

Since it is assumed that a low pass filter will be used to strip off all components except 

DC, the simulation results show only the DC component. 

As can be seen from Fig. 5.4 below, the DC output of the mixer is a cosine 

function with respect to the swept phase variable of the test signal. Each trace 

corresponds to a separate input power of the test signal. The simulation results show that 

the output magnitude of the resulting sinusoid is a function of the test signal input power.  

By taking the maximum point on each trace the phase of the output signal is 

determined. This cosine has a phase of 210⁰. And since we know from Fig. 3.3 that the 

relative phase of the two signals can be determined by subtracting π radians from this 

cosine function, it has successfully been determined that the input signal has phase 30⁰.   
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To show how the DC offset can be determined, an average of each trace was 

taken and compared with the DC offset of 2.5V applied in the simulation. In each case, 

the DC offset was determined to be 2.5V (+/- simulation resolution).

 

Fig. 5.4 Mixer as Phase Detector Simulation Results 
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5.3 Image Cancellation Method Simulation 

5.3.1 Measuring for image correction factors 

The simulation for the image cancellation system, shown in Fig. 5.5, Fig. 5.6 and Fig. 

5.7 is a version of the Unbalanced Quadrature Modulator Simulation. There are 2 

identical circuits, one of them simulates the I test signal and the other simulates the Q test 

signal. The imbalances added into both circuits are identical to the Unbalanced 

Quadrature Modulator Simulation. 

The simulator sweeps the phases of both input signals from 0⁰ to 360⁰ in 0.1⁰ 

increments. In both cases the DC output of the mixer is captured in the same manner as 

described in the above section where the Mixer as a Phase Detector was simulated. Also, 

different DC offsets were applied to each of the output mixers in order to simulate the DC 

offset of a real mixer. 

.  
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Fig. 5.5 Simulation Setup for Image Cancellation System 
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Fig. 5.6 Image Cancellation Simulation—I Test Signal 
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Fig. 5.7 Image Cancellation Simulation—Q Test Signal 
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5.3.2 Simulation results for image correction factor measurement 

The DC output of the mixers were captured as Vi and Vq for the I and Q test 

simulations respectively. The relative phase of each test signal was found by simply 

finding value of the phase variable at the maximum of each trace. The magnitudes of the 

test signals were found by the following formula. 

,
, ,

2
 (5.1)

For the first set of data, the DC offset was left in the calculations. Gain and phase 

correction factors were found by (3.9) and (3.10). 

 

Fig. 5.8 Quad Modulator Image Correction Factor Results – DC Offset Included 

m1
phi=
Vi[::,0]=4.490 / 0.000
Max

350.000
m2
phi=
Vq[::,0]=4.889 / 0.000
Max

349.300

50 100 150 200 250 300 3500 400

1

2

3

4

0

5

phi

V
i[:

:,0
]

m1

V
q[

::,
0]

m2

m1
phi=
Vi[::,0]=4.490 / 0.000
Max

350.000
m2
phi=
Vq[::,0]=4.889 / 0.000
Max

349.300

Eqn Imag=(max(mag(Vi[::,0]))-min(mag(Vi[::,0])))/2

Imag

1.990

Qmag

2.189

Eqn Qmag=(max(mag(Vq[::,0]))-min(mag(Vq[::,0])))/2

Eqn Gain_corr=(Imag/Qmag)

Gain_corr

0.90909091

Phase_corr

0.70000000

Eqn Iphase=phi_start[1]+max_index(mag(Vi[::,0]))*phi_step[1]

Iphase

350.000

Qphase

349.300

Eqn Qphase=phi_start[1]+max_index(mag(Vq[::,0]))*phi_step[1]

Eqn Phase_corr=Iphase-(Qphase)

Eqn num_points=360/.1+1



53 

 

For the second set of data, the DC offset was removed by taking the average value of 

both traces. All other values were calculated in the exact same manner as above. 

 
Fig. 5.9 Quad Modulator Image Correction Factor Results – DC Offset Removed 
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calculated to be 0.90909, which is exactly the inverse of the amplitude error of 1.1 that 

was added. 

5.3.3 Application of image correction factors to simulation 

The real proof of the validity of this system is to re-simulate the Unbalanced 

Quadrature Modulator with the correction factors applied. This simulation was performed 

and the correction factors were applied in accordance with (3.11) and (3.12). Notice the 

left side in Fig. 5.10 shows the application of the correction factors obtained in the 

previous simulation 
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Fig. 5.10 Unbalanced Quadrature Modulator Simulation with Image Correction 
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Fig. 5.11 Simulation Results from Application of Correction Factors to Unbalanced Quad 

Modulator 
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Also included in the Simulink model are two signals,  and , which are test signals 

used to verify the model behaves as the ADS model before applying the offset corrections.  

 
Fig. 5.12 Simulink Model of Quadrature Modulator 

  

Qup

To Workspace2

Iup

To Workspace1

y

To Workspace

Model Info
Mon Nov 07 12:09:43 2011

rsmit
Mon Nov 07 17:14:24 2011

1.28

M* u

Gain4

Rq* u

Gain3

Ri* u

Gain2

Rq* u

Gain1

Ri* u

Gain

deltaQ*sine

Constant3

deltaI*cosine

Constant2

Dcq*sine

Constant1

Dci*cosine

Constant

Add2

Add1

Add



58 

 

Table 5.1 Setup Variables for Matlab Simulation 

10  (DC offset for I channel) 

30  (DC offset for Q channel) 

0.5° (phase error in 90⁰ phase shifter in LO path) 

0.2° (phase error in Q channel summing path) 

 (total phase error in Q path) 

1 (gain in I path) 

1.1 (gain in Q path) 

0.54 (gain in the down conversion process) 

10° (phase added from the down conversion process) 

 

 
There are 3 unique rotational matrices involved—  and  which are the rotation 

matrices for the I and Q channels respectively and  which represents the down 

conversion process. 

0 0
0 0

  

 

 

After setting up the variables, the software sets Δ 0  and  Δ 50 , measures 

the output and assigns the x and y values of the output to  and . Δ  is then changed 
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to 100mV and the output is assigned to  and . For the last measurement, Δ  is 

changed back to 0V and Δ  is set to 100mV and the output is assigned to  and .  

It should be noted that the values for Δ  and Δ  have been chosen at random—any 

set of values will work. However, the manner in which the values are changed is 

important in order for the solution equations to be valid. After the initial set of random 

values is measured, only Δ  is changed for the 2nd measurement. For the 3rd measurement, 

Δ  is changed back to its original value and then Δ  is changed. 

Once all 3 measurements were taken, the program then used (4.25) through (4.32) to 

solve for all of the unknowns. The solutions for ,  are then displayed in the 

command window along with the phase and magnitude values for  and . 

5.4.1 LO cancellation simulation results 

The Matlab/Simulink results were displayed in the command window as shown 

below.  

**** Compare Iup and Qup with ADS Model **** 

mag(Iup) = 0.01 

phase(Iup) = 0 

mag(Qup) = 0.033 

phase(Qup) = -89.3 

*******************************************  

**** These are the calculated values for DCi and DCq **** 

DCi = 0.01 

DCq = 0.03 
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Note that the offsets were found for  and  correspond exactly with those that 

were added to the ADS model. It is also worth noting that this experiment was run 

several times and the same results were obtained regardless of which values were chosen 

for the gain and phase of the M matrix. 

The DC offsets obtained from Matlab were then applied to the ADS model of the 

unbalanced quadrature modulator along with the correction factors for the image signal 

found above. 
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Fig. 5.13 ADS Model of Unbalanced Quadrature Modulator with LO and Image Correction 
.
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Fig. 5.14 ADS Simulation Results of Quad Mod with LO and Image Cancellation 
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6. CONCLUSION 

This work presented a method for image and carrier rejection in a quadrature up-

converter. A derivation of the theory of operation of the I/Q modulator was shown along 

with the effects of the unavoidable RF impairments. There have been many good 

previous works on this topic; however, the method presented in this paper, which was 

proven by simulations in ADS and Matlab/Simulink, is unique in that the correction 

factors can be solved for directly from a limited number of measurements rather than 

using an iterative algorithm, such as least-mean-square. 

One possible implementation of the quad modulator balancing method was 

demonstrated in simulations. In this example, a mixer was used to measure the relative 

phases and magnitudes of the undesired emissions. However, the proposed balancing 

method can be used in any system which provides phase and magnitude feedback of the 

output signal. 

Future work should investigate the economy of using this method as opposed to 

others that have been previously shown. The model used for the quadrature modulator in 

this thesis is rather simplified compared with other models which take into account third 

order products [19] and other non-linearities [20]. An investigation into the amount of 

performance gained by using this method and its limitations should be conducted as well. 
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APPENDIX: TRIGONOMETRIC IDENTITIES 

All trigonometric identities found in [14] 

cos ∙ cos cos cos  (A.(1)

 

sin ∙ sin cos cos  (A.(2)

 

∓sin cos  (A.(3)

 

cos cos  (A.(4)

 




