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Abstract  —  Several techniques for calibrating and aligning 

different aspects of a digital phased array are demonstrated us-
ing a 16-element, panelized, vertically-polarized S-band subarray 
with element-level digitization on both transmit and receive.  
These techniques make use of the element-level functionality not 
only to expedite the process of initial alignment and calibration 
but to enhance the ability of the array to maintain and enforce 
this calibration over time as RF/analog system variations occur.  
A method for maintaining element amplitude and phase over 
time in fully digitized arrays is demonstrated as well as a tech-
nique for element-level self-calibration of quadrature mis-
matches. 
Index Terms — Calibration, phased array radar 

I. INTRODUCTION 

Active phased array systems require some level of calibra-
tion in order to perform optimally.  While the details and ex-
tent of this calibration vary from system to system, virtually 
all of them require that each element’s amplitude, phase (or 
time delay), and even polarization are set correctly to achieve 
the desired beam pattern.  There are various techniques to de-
termine what these effective weights should be, given that 
each element in a finite array will have a slightly different 
pattern and/or frequency variation caused by mutual coupling 
and scattering due to the finite nature of the array.  These pat-
terns, as well as the active circuitry, must be simulated or 
measured as part of an initial calibration procedure requiring 
equipment external to the phased array.  Past examples of this 
type of calibration include [1-3]; in each of these works, the 
goal was to utilize pattern information from each individual 
antenna to synthesize good overall patterns.  This is necessary 
in order to precisely control the sidelobe levels and the depth 
and location of any nulls, all of which are critical in any 
phased array, especially one with the potential to perform 
adaptive beamforming to suppress jammers or interference.  
Throughout this paper, this type of calibration—which con-
cerns how the passive antenna array radiates—will be called 
“external calibration.” 

The other type of calibration, “internal calibration,” deals 
with the variations over time and from element to element in 
how the antenna panel interacts with the active circuitry and 
control system itself.  This may include, for example, quadra-
ture (I/Q) balancing, adaptive channel equalization, and 
gain/phase compensation of active components over a wide 
range of power levels and temperatures.  Usually, both the 
internal and external calibrations are initially performed in an 
anechoic chamber with external equipment, but it is often ne-
cessary to update the internal calibrations once the array has 

been fielded, since analog components inevitably change their 
characteristics as they age and respond to their environment, 
and they might even need to be replaced.  There are therefore 
two important differences between internal and external cali-
bration that warrant the distinction between them.  Nominally, 
a fielded radar effectively looks out into free space, and the 
physical antennas themselves do not change over time nearly 
as much as the analog/active circuitry will; thus, updates to the 
external calibration are expected to be made much less often 
than internal calibration updates.  The other important differ-
ence is that an update to the external calibration usually re-
quires equipment in the far field of the antenna and/or an ane-
choic chamber, whereas updates to the internal calibration 
may not.   

 
Figure 1: Illustration of mutual coupling-based calibration monitor-
ing using internal array hardware only. 

 
In fact, past work has demonstrated that internal calibration 

of finite arrays can be updated and maintained by measuring 
the coupling from each antenna element to some sort of cali-
bration device located near or in the array itself [4], [5] or 
even the coupling between different antenna elements [6], [7] 
as shown in Fig. 1.   The initial coupling values or waveforms 
are recorded during the initial array alignment in an anechoic 
chamber.  After the system is fielded, these coupling mea-
surements are monitored to determine and possibly even cor-
rect any changes to the performance of each element.  Howev-
er, many traditional systems cannot transmit arbitrary wave-
forms on one or more elements and simultaneously receive on 
others in order to make these measurements; others only have 
access to the output of the analog beamformers and not the 
individual elements.  Systems like the ones used in [4], [5] 
require additional analog circuitry for the dedicated internal 
calibration equipment.  Additionally, the techniques used in 
[6], [7] require that mutual coupling symmetry arguments ap-
ply throughout the array, which is only valid for certain ele-
ment types in a large enough array.   



 

Figure 2: System block diagram and photograph of DAR prototype 

Of course, analog beamformers can have inherent limits on 
beamforming itself.  Those with a few bits of phase or ampli-
tude control have limited beam quality and bandwidth, and 
multiple beamformers are needed for multiple beams.  As de-
mands on radar functionality and performance continue to 
increase, so does the need for flexible and adaptive phased 
arrays with multi-beam capability.  With these demands has 
come a trend of increased digitization of signals, and the ana-
log-to-digital conversion point is moving closer to the ele-
ments themselves.  The amount of data that must be handled 
and processed is increasing accordingly, but digital systems 
promise to advance and scale to accommodate this.  Eventual-
ly, it will be both desirable and practical to digitize signals at 
the element level.  With such a system, it may be possible to 
overcome some of the aforementioned limitations to calibra-
tion (and, in general, beamforming) by leveraging new tools 
afforded by the ability to independently and simultaneously 
generate and analyze waveforms on each of the elements with 
precise amplitude, frequency, and phase control.  

The Digital Array Radar (DAR) subarray is a prototype of 
this type of phased array, where each element’s signals are 
digitized separately on both transmit and receive.  A modified 
version of the mutual coupling-based techniques described 
above is implemented on this system to show that the internal 
calibration of the array can be maintained.  In particular, we 
demonstrate how mutual coupling values measured during the 
initial calibration procedure can be used to monitor the ampli-
tude and phase of each element and that detected errors can 
subsequently be corrected.  A technique is also presented for 
automatically balancing the in-phase (I) and quadrature (Q) 
channels on each of the direct conversion transceivers used in 
the DAR system.  A brief introduction to the relevant features 
and operation of the DAR system is presented in Section II 
before these calibration are detailed in Sections III and IV. 

II. DAR SYSTEM DETAILS 

A system block diagram and photograph of the DAR system 
adapted from [8] is shown in Fig. 2.  The prototype consists of 
a set of eight commercial-grade, 2-channel, direct conversion 
transceiver ICs to drive a 4x4, linearly polarized stacked patch 
antenna array at S-band (3.1-3.5 GHz) [9].  The transceivers 
connect to digital panels, which have 12 bit, 24 MSPS ADCs 

and DACs for the quadrature (I and Q) signals for each ele-
ment’s transmit and receive signals.  The sampling clock is 
coherent among all elements and is distributed hierarchically 
through the digital backend.  The transceivers themselves, 
which have a maximum bandwidth of 7 MHz (or a complex 
baseband bandwidth of 14 MHz), are digitally programmable 
to have different gains, filter bandwidths, baseband DC off-
sets, and more.  Each transceiver chip also has an on-chip 
fractional-N PLL which is shared between its pair of tran-
sceivers.  A reference signal at 40 MHz is distributed to each 
transceiver, from which the RF local oscillators (LO) are de-
rived and phase locked.  This clock is also divided down to 10 
MHz and buffered so that it can be used to phase-lock RF test 
equipment during initial alignment.   

The received digital streams are fed to a flexible hierarchic-
al digital beamformer with low-level processing so that the 
data can be post-processed.  Element weighting and quadra-
ture imbalance correction are performed digitally at each ele-
ment, as described in Section IV. The system supports two 
modes of operation: one where a single real-time receive beam 
from the digital beamformer is sent through the Gigabit Ether-
net connection and another where data that is simultaneously 
collected from each receiver and stored in RAM can be 
streamed to the host PC whenever it is required.  The system 
has direct digital synthesizers (DDSs) for each element’s 
transmitter.  These synthesizers can be programmed to gener-
ate constant tones or pulsed LFM (linear frequency mod-
ulated) complex baseband tones with complex weights.  Addi-
tionally, each DDS can apply small amplitude, phase, and DC 
offset differences between the I and Q channels for quadrature 
balancing.  The entire digital system is implemented on a set 
of low-cost FPGAs that interface to a host PC that runs a full-
featured graphical user interface with control of element-level 
settings, beam steering, post-processing, and system configu-
ration. 

III. ELEMENT ALIGNMENT 

Regardless of whether the beamforming is performed digi-
tally or in the traditional analog fashion, the chief concern in 
active phased array calibration is to establish the correct am-
plitude and phase for each of the elements in order to control 
the radiation patter.  After a general discussion on the issues 



 

involved in initial internal and external calibration, this section 
details how mutual coupling “measurements” performed on 
and by the DAR system itself are used to record and subse-
quently enforce the initial internal and external calibrations. 

A. Initial Element Alignment 

The introduction outlined some of the past work in the area 
of initial array calibration.  The theoretical aspects of initial 
array calibration are well-covered in the literature, but there 
are practical concerns that must be addressed as well.  An ex-
cellent overview of the analysis and modeling of practical 
phased array radiation characteristics is given by Kelley and 
Stutzman [1].  In it, an exact analysis of a general array re-
veals that the overall field pattern of the array can be written 
as (using [a]’s notation): 
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where Ns is the number of elements, Vq is the voltage at the 
generator of the qth element (with a common source imped-
ance of Zq at all elements), and gn

q(θ,Φ) is the unit-excitation 
active element pattern that needs to be determined.  Lumped 
into this pattern are all the effects caused by variation in ele-
ment pattern due to their physical location away from the 
phase center of the array, variations in the elements them-
selves, variations in active circuitry among elements, finite 
array effects, and the effect of the active (driving-point) input 
impedance of each element.  In order to take these effects into 
account, each element must be measured over a range of an-
gles while the array is in operation.  The patterns are then fit to 
a model that is an abstraction of (1) to a form more amenable 
for pattern synthesis, such as the classic product of an array 
factor and an element factor [3].  The work in [2] applies this 
technique to a receive-only array that is similar to the DAR 
prototype.  This process typically requires more than just am-
plitude and phase alignment at broadside, and the number of 
measurements that need to be made for the initial calibration 
can be very large.   

Among the important practical considerations in these mea-
surements is whether or not it is feasible to measure both am-
plitude and phase of the radiated or received fields.  There are 
methods for fast calibration when phase can be measured, 
even if individual elements cannot be turned on and off sepa-
rately [10].  Nominally, one would be able to perform network 
analyzer-like measurements between the phased array ele-
ments and the far-field, but in many systems this is not possi-
ble.  In this case, multiple power measurements can be made 
to extract the phase [11], [12].  Fortunately, the DAR system 
can be phase-locked to an external signal generator, as indi-
cated in Section II.  Since digitization is performed at the ele-
ment level simultaneously, the amplitudes and phases of each 
receive element can be readily calculated for an incoming 
plane wave in a given direction.  The signal generator’s fre-
quency is set to the RF LO frequency of the transceivers so 

that the measured amplitude and phase of the DC values of the 
I/Q channels reflect the complex antenna weight.  If the DC 
offset present in these channels can be kept below -40 dB rela-
tive to the strength of the signal itself, the error of the meas-
ured complex weight will be less than 1%.  This corresponds 
to a maximum amplitude error of 0.09 dB or phase error of 
0.6º, which should be sufficient.  The next section details how 
this DC offset can be suppressed even further than that.  Even 
if the plane wave source is not phase-locked to the receiver, 
the measured relative phases between the elements will still be 
valid.  An element-level digital receive beamformer thus ex-
pedites some of the difficult measurements commonly made 
for external calibration of analog beamformers, especially 
when thousands of measurements need to be made to fit to a 
model like (1).   

For the purposes of demonstrating the process described 
above, the DAR system’s receivers were aligned at broadside, 
and the resulting weights were also stored for use in the next 
subsection.  For broadside alignment, the product of each Vq 
and its associated unit excitation active element pattern at 
broadside is set to a constant.  The resulting receive difference 
patterns are shown in Fig. 3, where linear phase shifts across 
the array are applied to scan the null.  The null depth and side-
lobe levels are good until the array is scanned beyond 30º, 
where the unit excitation active element patterns of the ele-
ments begin to differ from one another by more than just a 
phase shift due to spatial displacement from the antenna cen-
ter.  The model in (1) could be fit at more angles than broad-
side to improve this if desired, as in [2]. 

 

 
Fig. 3. Measured receive difference patterns for DAR prototype, 
showing effects of finite array at higher scan angles 

 
In the DAR system, the alignment of the transmitters is not 

as trivial as that of the receivers because complex transmis-
sions from multiple antennas cannot be easily measured simul-
taneously.  However, amplitude and phase can still be meas-
ured for each antenna individually.  This is accomplished in 
the DAR system by transmitting a constant tone from the sig-
nal generator at the RF LO frequency, spatially combining it 



 

with each transmitter sequentially, and measuring the subse-
quent received power level.  The phase of each transmitter is 
rotated from its default value in order to extract the relative 
amplitude and phase, similar to the power-based measurement 
method described in [11].  After aligning at broadside, as with 
the receivers, the measured transmit sum patterns are as shown 
in Fig. 4, where linear phase shifts are again applied to steer 
the beam.  They are compared to simulated patterns of the 4x4 
patch array by itself without the effects of the aluminum frame 
and mounting hardware. 

 

 
 
Fig. 4. Measured transmit sum patterns for the DAR prototype after 
external calibration compared to a free-space simulation.  Beam 
scanned at 0º, 15º, 30º, and 45º. 
 

The patterns achieved with only one measurement at broad-
side may be sufficient in some cases.  For very large arrays, 
the argument can be made that most of the elements—
especially elements near the center of the array—will have the 
same characteristics in active impedance and pattern because 
of periodicity in the (nearly infinite) array.  Under these condi-
tions, the overall pattern (1) can be rewritten as [a]: 
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where now rq is the qth element’s location and the pattern 
gav(θ,Φ), called the average active element pattern, is factored 
out since it varies little throughout the array.  All calibration 
then needs to do is equalize the amplitudes and phases of the 
active circuitry to be able to enforce known Vq values. 

In fact, in both [6] and [7], these semi-infinite array ideas 
are extended even further to argue that the mutual coupling 
between adjacent elements must not vary from element to 
element either.  By “measuring” this mutual coupling between 
one element and pairs of other elements for which symmetry 
arguments apply, the differences between the receivers of 
these elements can be canceled out.  The transmitters are cali-
brated in this way as well.  The procedure is then cascaded 

throughout the array.  This is a very attractive calibration rou-
tine, as both the external and internal calibration can be done 
without external equipment.  There other problems with these 
calibration techniques, though.  As implemented in [6] and 
[7], the mutual coupling measurements are made between ad-
jacent elements.  In an active array with a transmit power that 
is more than a few Watts per element, this may easily saturate 
any practical receiver, given that coupling between adjacent 
elements can be on the order of as much as -10 dB.  Addition-
ally, as pointed out by [4], these techniques may be prone to 
errors caused by coupling and finite isolation between the ana-
log transmit and receive beamformers that complicate the abil-
ity to truly turn on only one transmit element and listen to only 
one receive element at a time.  In a digital phased array like 
the DAR prototype, however, these beamformers are com-
pletely digital, and thus the worrisome coupling is exactly 
zero.  The DAR system would also allow for multiple simul-
taneous coupling measurements to be made (see Fig. 1), as it 
can analyze the receiver outputs individually to determine 
which, if any, are being saturated, and only use information 
from receivers that are not being saturated.  A large digital 
phased array with a similar architecture to that of the DAR 
prototype would thus be a good candidate for a similar calibra-
tion procedure.  This is the subject of the following subsec-
tion. 
 
B. Monitoring and Correcting Internal Calibration Errors 

Once the initial internal and external calibration is complete 
and all elements are aligned for the scan angles and frequen-
cies of interest, it is important to be able to monitor the quality 
of this calibration once the array has been fielded.  As dis-
cussed in the introduction to the paper, this internal calibration 
monitoring is a distinctly different challenge than the initial 
calibration.  The purpose is to ensure that aspects of the sys-
tem that may change with time—for example, gain and phase 
drift in power amplifiers, and even failures of active ele-
ments—can be effectively monitored and compensated.  If the 
assumption can be made that the passive antennas themselves 
are not modified or damaged and that their radiating characte-
ristics do not change with time, then it should be possible to 
perform this internal calibration without returning the array to 
an anechoic chamber or bringing expensive far-field test 
equipment out to re-calibrate the array.  

The same practical issues that limit the applicability of the 
adjacent element coupling techniques in used in ([6], [7]) may 
cause similar problems in traditional analog active arrays.    
Many systems thus make use of internal calibration devices 
for this function as illustrated before in Fig. 1.  The perfor-
mance-monitoring and fault correction system in [5], for ex-
ample, embeds a microstrip line into the antenna panel that 
couples with each element in the array in order to sense 
changes from an initial measured coupling made in the far-
field chamber in which the external calibration is performed.  
This requires additional hardware and an initial calibration of 
the calibration equipment itself, and it may not be possible to 



 

detect and correct for changes in the calibration hardware.  
The idea of mutual coupling-based internal calibration is taken 
a step further in [4], where actual elements are dedicated sole-
ly to calibration.  The number of such elements must be li-
mited, though, to keep from interfering with radar operation.  
This forces the calibration elements to be spaced far apart, 
which places constraints on the dynamic range and overall 
number of mutual coupling measurements that can be made 
for a given element.   

Nevertheless, these techniques have proven to be effective 
at maintaining system performance over long periods of time.  
As mentioned in the first part of this section in the context of 
using mutual coupling for performing the initial alignment, the 
DAR system does not have problems caused by finite isolation 
between transmit and receive beamformers while mutual 
coupling measurements are made.  Additionally, when the 
DAR system transmits from any given element, it can utilize 
coupling values to all receiver elements whose signal level is 
in an optimal region of the receiver’s dynamic range; this pro-
vides an averaging effect to the coupling measurements. 

 

  
 (a) (b) 
 
Fig. 5. DAR system mutual coupling: (a) coupling model and (b) 
coupling scheme used in this demonstration. 
 

In the DAR system, the mutual coupling in the antenna pan-
el between elements can be modeled with an N-port that is 
excited by a Thévenin equivalent source at the transmit port 
while the other N-1 ports are terminated in their effective im-
pedances, as shown in Fig. 5.   If these impedances can be 
assumed to be constant with time, then Vm and Eff will always 
have the same relationship as they did in the initial calibration 
unless the antenna is damaged or interfering objects are 
present in the near-field.  Denote the ratio of the digitized 
complex amplitude and phase at the nth receiver when the mth 
transmitter is excited at its nominal digital amplitude and 
phase as Cmn.  This is the mutual coupling value that is record-
ed right after the initial calibration. Denote any subsequent 
multiplicative change in the ratio between the Vns at the re-
ceivers and the digitized amplitude and phase by Rn and, simi-
larly, the subsequent multiplicative change in the ratio of the 
digital transmit amplitude and phase to the transmit voltage Vm 
as Tm.  Under the assumptions above, subsequent mutual 

coupling measurements made after changes occur in the ana-
log components will then have a value of 

 
 mnnmmn CRTC =' . (3) 
 
Dividing this by the original coupling value, we obtain the 
following coupling metric matrix: 
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This coupling matrix can then be used to estimate the devia-
tions in the transmitters and receivers used in the measure-
ment.   

Consider a coupling scheme for the 4x4 DAR array, where 
the bottom four elements transmit and the top eight receive, as 
shown in Fig. 5b with the first transmitter turned on.  The 
coupling values for this set of transmit and receive elements 
happen to be such that the received signal levels are in the 
optimal range for the bi-static tracking demonstration de-
scribed in [8].  This procedure could be performed on other 
groups of elements in the array to align all receivers and 
transmitters.  For a system like this with individual control of 
the elements, one is able to choose from a vast array of coupl-
ing values from any given transmitter in order to select which 
receivers to use in which transmitting group.  For the coupl-
ings in Fig. 5b, the ideal K matrix is explicitly written as: 
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It is important to note that if all transmitters change by a com-
plex value X and all receivers change by a complex value 1/X, 
then the coupling matrix K will have a value of 1 for all en-
tries.  Thus, there exists an arbitrary reference value for all 
transmitters and receivers that must be chosen wisely based on 
the system’s known characteristics.  For the DAR system, like 
many arrays, one may presume that the receivers suffer from 
amplitude changes that are less severe than those of the trans-
mitter, which may have a high power amplifier whose output 
power changes significantly with temperature.  Under this 
assumption, one may estimate the amplitude of the mth trans-
mitter relative to the others as: 
 

 ∑=
n

mnm KT . (6) 

 
Values measured in (5) may have small errors due to noise, 
small nonlinearities, and slight changes to the impedances Zn 
of the receivers, but the summation in (6) provides an averag-
ing effect for estimating the Tm values.  The amplitude and 
phase of the transmitter with the median power is then se-
lected as the arbitrary reference value on which corrections 
will be made.  This is merely one option of many.  At this 



 

point, it should be clear if any transmitters have failed and 
need to be replaced.  The next step is to align the transmitters 
to each other.  This is done by dividing each row of (5) by the 
row corresponding to the reference transmitter, forming a ma-
trix K’ whose elements are, in the absence of errors, equal to 
K’

mn = Tm/Tp, where p is equal to the index of the reference 
transmitter.  Averaging along the rows of K’ then gives the 
estimated values of Tm.  Once the values of the Tm are esti-
mated, the mth row of K is divided by Tm, and the Rn values 
are obtained from the average along the columns of the result-
ing matrix.  Digital weights of 1/Tm and 1/Rn are then applied 
to the mth transmitter and the nth receiver, respectively, to cor-
rect for the detected drift in their amplitude and phase. 
 

 
 
Fig. 6. Correction of randomly-induced errors using mutual coupling 
technique: (left) externally-measured initial state, (top) calibration-
detected errors, and (right) externally-measured errors before and 
after correction 
 

To demonstrate this procedure in operation on the DAR sys-
tem, the transmitters and receivers were initially aligned to 
each other in the chamber, as shown on the normalized com-
plex weight plot on the left of Fig. 6, and the initial mutual 
coupling measurements were recorded.  Note that there is a 
phase shift between the transmitters and receivers that must 
remain fixed with respect to each other, but not to the external 
measurement equipment.  To simulate an extreme version of 
gain and phase drift, random amplitude and phase errors were 
then introduced by modifying gain settings on the transceivers 
and applying offsets to digital phase shifters, as shown in the 
right complex weight plot.  The internal calibration procedure 
was then run, and the resulting Tm and Rn values are shown on 
the top complex plane plot.  After applying the digital correc-
tions, the resulting externally-measured transmit and receive 
weights are as shown superimposed on the right.  Not only are 
the transmitters re-aligned to each other (and the receivers to 
each other), but the phase between the transmitter and receiver 
stays unchanged; this may be a requirement in some applica-
tions.  Note that the phase of the aligned transmitters and re-

ceivers relative to the external equipment has changed, but this 
should not matter.  There is also a measured amplitude differ-
ence between the normalized transmitters and the normalized 
receivers, and this is because the transmitter that was used to 
set the reference gain and phase happened to have a slightly 
higher than nominal gain value.  This is a consequence of hav-
ing to pick a reference value during the procedure. 

 

 
 
Fig. 6. Correction of errors due to local heating on array.   

 
As a test of this procedure in a more realistic scenario, a 

heat gun was pointed at one corner of the array to simulate 
local heating on one of the transmitters as well as an overall 
temperature change throughout the array.  The results of this 
test are shown in Fig. 6, where all points of data were meas-
ured with the external equipment as before and the tempera-
tures were measured on the corner transmitter’s power am-
plifier IC.  As the transmitter on the corner of the array heated 
up, its phase began to drift significantly—to the point of de-
structively interfering with the other transmitters.  As the other 
transmitters and receivers heated up, they also began to 
slightly drift in phase.  After the application of the self-
calibration procedure to fix the internal alignment, the trans-
mitters were aligned to within ±7º, and the receivers were 
aligned to with ±2.5º.  The amplitudes of the receivers were 
restored, and the phase between transmitters and receivers was 
recovered to within a few degrees.  The small residual errors 
are likely due to changes in impedance seen by the antenna 
panel—the Zn in figure 5a—which were assumed to be inva-
riant with time, or they could be caused by heating of the an-
tenna array itself.  These second-order effects may need to be 
considered in some applications.   

III. QUADRATURE BALANCING OF TRANSCEIVERS 

A. Introduction and Description of Problem 

In addition to internal calibration to preserve element 
alignment, the mutual coupling technique can be used to cha-
racterize other non-idealities in the signal chain behind the 
antennas themselves.  This section details an example of this 
kind of correction wherein automatic gain, phase, and DC 
offset correction is performed on the I and Q channels of each 
transceiver. The direct conversion transceiver ICs used in the 
DAR subarray require no external image filters, have two full 
transceivers per chip, and provide register-level access to gain, 
bandwidth, and frequency synthesizer controls over a simple 



 

digital interface.  In this respect, they represent a step towards 
the highly-integrated, low-cost RF transceiver solutions that 
promise to deliver future phased arrays with less than one IC 
per element.  While the low intermediate frequency also offers 
the chance to oversample the baseband signals more easily, 
the architecture itself suffers from imbalances in the in-phase 
and quadrature (I/Q) channels since the final down-conversion 
to complex baseband is done directly with analog components.  
The analog components in the system, including the quadra-
ture mixers and all baseband analog buffers and data conver-
ters, will affect the I and Q signals differently, causing them to 
be deviate from being 90º out of phase and to have different 
amplitudes.  This causes “image” spurs to appear on the oppo-
site side of the complex baseband spectrum.  Additionally, on 
transmit, any leakage of the RF LO or DC offsets on the I or Q 
signals leads to an undesired tone at that frequency, and self-
mixing of the LO on receive leads to DC offsets in the digi-
tized outputs, as do any offsets in baseband buffers or filters.  

These effects degrade the performance of both communica-
tion and radar systems and should be minimized as much as 
possible as part of the internal calibration procedure.  The im-
age frequency component is particularly a problem in radar 
systems that use a pulse Doppler processor, where the system 
will show a false target at the image Doppler frequency [13], 
the relative return of which having the same ratio to the main 
target return as that of the image spur to the main tone in the 
pulse waveforms.  For example, an image spur in the transmit-
ter that is 20 dB below the main tone would cause a false tar-
get to appear only 20 dB below the main target, which could 
easily lead to false alarms.  Additionally, there is a problem 
with using chirped LFM waveforms because the image fre-
quency component causes what is, in effect, an additional DC 
component in the output to the matched filter; this causes the 
time domain output sidelobes to rise, limiting target detection.  
However, this effect lessens with larger bandwidth-pulse 
width products [14].  The effect on communication systems is, 
for example, to stretch and skew the constellation of a quadra-
ture-modulated signal.  Finally, the presence of DC offsets in 
the receivers and LO feed-through on transmit may limit the 
ability to perform the external calibrations described in Sec-
tion III. 

B. Modeling and Calibrating DAR Quadrature Imbalance 

A model for quadrature imbalance over a narrow frequency 
range in a general direct conversion transmitter is presented in 
Fig. 7.  Though the sources of the imbalances and offsets may 
be different in the receive case, the effective model for the 
imbalance is exactly the same as in the transmit case, but the 
signal paths are reversed.  Define the gain and phase imbal-
ances as ΔG and ΔΦ, respectively, and the DC offsets as IDC 
and QDC.  The signals sent to the DACs by the digital backend 
are the discrete versions of xI(t) and xQ(t), which are then fil-
tered by analog circuitry to form their continuous-time coun-
terparts.  At the baseband frequency, ωB, the gain blocks 
represent the difference in gain between the I and Q channels 

due to filtering, amplifier imbalance, the DACs themselves, 
and even the mixers.  The phase imbalance ΔΦ  represents 
phase difference between these two analog channels as well as 
the deviation from 90º between the inputs to the mixers.  The 
local oscillator yLO(t) is nominally a pure tone at the center of 
the RF transmit band (ωLO), and the output signal is xRF(t).    

 

 
 
Fig. 7: I/Q imbalance model block diagram 
 

If one were to send to transmit the signals xI(t) = cos(ωBt)  
and xQ(t) = -sin(ωBt) to generate an RF tone at ωLO +ωB, the 
output could be written as be 
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which, after several trigonometric expansions can be approx-
imated by 
          
           ( ) [ ]( ) ( ) ( )txtxttx LOIMBLORF ++++≈ 0cos θωω ,  (8) 
 
where 
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by assuming that ΔG, ΔΦ, IDC, and QDC are small enough to use 
first-order approximations (e.g. sin(ΔΦ) ≈ ΔΦ ).  The first 
term in (8) is the desired tone at ωLO +ωB, the term in (8a) is 
the image tone at ωLO −ωB caused by gain and phase mismatch, 
and the term in (8b) is caused by DC offsets (or, equivalently, 
LO leakage through the output of the transmitter).  It is impor-
tant to note that not only are these frequencies exact (despite 
the approximations), but they are the only frequencies that are 
generated by this linear model.  However, non-linearities in 
the mixing stage and subsequent power amplifiers can cause 
these tones to mix with each other or with the LO to generate 
other tones at integer multiples of the baseband frequency 
away from the LO (ωLO + n∗ωB). 

In order to compensate for quadrature imbalance, the para-
meters ΔG and ΔΦ as well as the DC offsets and/or LO feed-
through must be directly or indirectly estimated.  For commu-
nications applications, techniques have been developed to 



 

calibrate receivers using quadrature modulated RF waveforms 
of a known type, examining the acquired baseband samples, 
and forming estimates of the values of ΔG and ΔΦ [15].  
However, if one had access to a monochromatic (CW) source 
at the input to a direct-conversion receiver tuned at a slightly 
different frequency, calculation of the exact quadrature imbal-
ance parameters would simply require analysis of the received 
waveform.  Similarly, on transmit, if one had access to a spec-
trum analyzer and could transmit a constant baseband tone and 
examine the relative levels of the three tones in (8), it would 
be possible to calibrate the transmitter.  This is precisely the 
approach used in [16], where a complex iterative algorithm is 
used for this internal transmit calibration.  As demonstrated in 
the previous section, the DAR system has the ability to trans-
mit from one element, receive on another through mutual 
coupling, and perform spectral analysis, so it should be able to 
perform this calibration without external equipment.  Howev-
er, if the transmitting element and the receiving element share 
the same RF LO, it would be impossible to separate the qua-
drature imbalances due to the transmitter from those of the 
receiver; for example, if the transmitter generates a baseband 
tone at 1 MHz with an LO of 3.3 GHz, it will generate a main 
tone at 3.301 GHz, LO leakage at 3.3 GHz, and an image tone 
at 3.299 GHz.  The receiver would see the 3.301 GHz and 
3.299 GHz tones and generate its own additional image tones 
from these. The 3.3 GHz LO will simply add to the DC offset 
that was already present on the receiver.   

 

 
Fig. 8. Illustration of separation of transmit and receive tones due to 
quadrature imbalance.  The middle transmit tone is due to DC offsets 
at baseband and LO feed-through, and the transmit tone on the left is 
due to gain and phase mismatch between I and Q channels. 

 
The solution to this problem is to have the receiver tuned to 

a slightly different LO, which has the effect of separating the 
imbalance tones due to the transmitter from those of the re-
ceiver.  The DAR system has independent control over the 
eight transceiver frequency synthesizers, so this is possible as 
long as the transmitter and receiver do not share the same IC.  
Specifically, consider a transmitter whose LO is set to 
ωTX with a baseband frequency of ωB and a receiver whose LO 
is set to ωRX. The main transmit tone at ωTX + ωB, the tone due 
to LO leakage at ωTX, and the image tone at ωTX - ωB will ap-

pear in the receiver’s output as three separate “main tones” at 
ωTX - ωRX + ωB, ωTX - ωRX, and ωTX - ωRX - ωB. These three tones 
will also cause their own image tones at the receiver, and there 
will be a DC offset (due to the receiver alone).  An example of 
this is illustrated in Fig. 8.  The three main tones due to the 
transmitter will, assuming negligible receiver filtering effects, 
reflect the same relationship between their power levels as 
they would on an RF spectrum analyzer.   

An iterative procedure is then used to eliminate the trans-
mitter’s quadrature imbalance. From (8), the power levels of 
the undesired tones, normalized to the main tone’s power, are 
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Upon measuring the initial power levels, these two equations 
define circles in the ΔG-ΔΦ and IDC-QDC planes.  The DAR 
system applies small changes to the gain and phase difference 
between the I and Q channels on the DDS of the transmitter 
corresponding to points on the circle defined by (9a) while it 
monitors the subsequent power level of the image frequency 
tone measured by the receiver element. It starts by picking 
three points on the circle 120º apart and recording the image 
tone levels, and from then on it picks a point along the circle 
in between the two points that have previously given the smal-
lest measured image tone levels.  It repeats this until the tone 
is below a certain threshold (in this case, -60 dBc) or the itera-
tion limit is reached, at which point the procedure is repeated 
using the point in the plane that has given the best image tone 
level as the initial measurement point.  The procedure is si-
multaneously and independently performed on the DC offsets 
in an attempt to find the point in the IDC-QDC plane that mini-
mizes the measured LO tone level.  After both the LO and 
image tones have been suppressed to 60 dBc, the received 
spectrum is then dominated by the receiver’s LO and image 
tones caused by the single transmit tone.  The DC offsets and 
quadrature imbalances in the receiver can be directly calcu-
lated from the received waveform.    The procedure is repeated 
for other element pairs until each transceiver is fully cali-
brated. 

The DAR system enforces these small digital changes to the 
waveforms on transmit using the programmability of the DDS 
at each element, as discussed in Section II.  On receive, this is 
done with the following linear transformation on each ele-
ment: 
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Here, I’ and Q’ are the samples, I and Q are the input samples, 
IDC and QDC are simply the DC offsets determined by the above 
procedure, and the matrix A is given by: 
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Standard phase shifting (θE) and element weighting (AE) are 
incorporated in the first two terms in (11), and the last two 
perform the phase and amplitude balancing, respectively. 

 

 
(a) 

 

 
(b) 

 
Fig. 9. Quadrature imbalance and DC offset correction performance 
for a) transmit and b) receive.  Solid lines are averages among ele-
ments, error bars show standard deviation among elements, and dot-
ted lines are for the overall phase-aligned sum. 
 

The results of this internal calibration performed on the 
DAR, as validated using external equipment, are shown in Fig. 
9.  The initial levels of the undesired tones were on the order 
of 20-30 dB below the main tone for each transceiver, so the 
compensated results show a marked improvement.  The pro-
cedure was performed as discussed above at a baseband fre-
quency of 1.1 MHz, chosen to be near the center of the com-
plex baseband but far enough away from DC to isolate the 
tones.  The convergence criteria of -60 dBc on the image tone 
has been met for nearly all elements.  The DC offset (or LO) 

tone, however, tends to drift with time and temperature, so 
even if convergence is achieved initially at -60 dBc it will not 
remain that low very long.  The important metric for the sys-
tem is the image tone of the overall signal, which in this case 
is represented by the phase-aligned sums.  From the results, it 
is clear that adding additional elements should decrease the 
relative imbalance tone levels because the phase of each ele-
ment’s imbalance tone is ideally random.  

Whether or not the performance achieved by the above cali-
bration procedure has a wide enough bandwidth depends on 
the application.  There are techniques for extending the band-
width of the quadrature balance with increased digital 
processing [17].  Regardless, the question of how well the 
overall system will perform for wideband applications is valid, 
especially when time-sidelobes and wide-band jammer sup-
pression is of concern.  While the subject is mentioned here in 
the context if quadrature balance, discussions on wideband 
array performance usually focus on the quality of element-
level equalization and the extent to which the beamforming 
process can accurately steer the beam over a wide range of 
frequencies, as explained in Rotman and Tur [18].  The work 
in [19] demonstrates element-level equalization on a digital 
phased array for both stretch and standard radar processing, 
though at the time the processing was done off-line.  In the 
DAR system, real-time processing would be implemented 
with a modified finite impulse response (FIR) filter at the ele-
ment level in place of the processing done in (10), which is 
essentially a 1-tap FIR filter.  Future revisions of the DAR 
prototype will explore this possibility.  As pointed out in Rot-
man and Tur, having an independent receiver on each element 
would enhance the ability to calibrate the system and enable 
ideal wideband array performance.  It is believed that the 
techniques presented in this and the previous section—which 
take advantage of the extensive control and digitization of 
each element on both transmit and receive—could be effec-
tively extended for digital arrays with wider bandwidths; this 
is a subject for further research.  

CONCLUSION  

A phased array radar prototype with digitization at every 
element has been shown to be capable of maintaining its initial 
calibration and monitoring its quadrature imbalance after it 
has been fielded using techniques afforded by its full, digital 
interface to each transmitter and receiver.  These techniques 
may prove to be very useful in the deployment of future 
digital phased arrays where precise amplitude and phase 
control must be maintained for high quality beamforming. 
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