
1101101010010é

0110010001011é

0010101000101é

0100100010101é

1110010100010é

0010011110001é

1010001001000é

Caleb Fulton and Dr. William Chappell
IDEAS Microwave Laboratory

Calibration of Digital Phased Arrays Including 

In-Situ Error Detection and Correction 

I/Q balancing of direct-conversion transceivers In-situ error detection and correction 

Initial, overall array calibrationActive phased array antenna systems require calibration of

the amplitudes and phases of the effective transmitted and

received signals at each antenna element to ensure proper

beamforming. In addition to other transceiver non-idealities

such as quadrature (I/Q) imbalance, these amplitudes and

phases need to be monitored to detect and potentially correct

for errors that are induced by aging, environmental effects

and outright failures. This work uses the 16-element Digital

Array Radar (DAR) prototype to investigate how digitization of

all signals at the element level impacts these procedures.

DAR prototype block diagram for 16-element S-band subarray

Prototype hierarchical digital beamformer 

with digital at every element

Highly-integrated, efficient, direct-conversion RF 

frontend with multiple channels per transceiver

Digitization and control at the element level during 

calibration allows:

ÅSimultaneous and individual reception on all channels for fast 

receiver alignment

ÅUltra-precise amplitude and phase control through digital 

processing during both transmit and receive

ÅAbility to transmit on one element while receiving on others in 

order to monitor and adapt to changes in fielded radar 

performance at the element level

Variations in amplitude and phase 

between elements must be calibrated out:

ÅCommercial and/or low-cost transceivers have 

wide phase and gain tolerances

ÅAntenna reciprocity guaranteed only after 

equalization of gain and phase in active circuitry

ÅMutual coupling in many arrays must be mitigated 

for low-sidelobe beamforming  (usually requires 

full, element-level patterns)

ÅA mechanism is needed for maintaining initial 

amplitudes and phases at each element after 

system is fielded

Rapid array analysis and alignment through digital interface
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Measured transmit and receive patterns of 4x4 subarray

Patterns for dual-polarized 8x1 array before 

and after mutual coupling compensation
Advanced calibration functionality enabled by 

digital interface to each antenna element
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Post-correction I/Q imbalance spur levels are greatly reduced

Image spurs caused by gain and phase mismatch between 

I and Q channels in direct conversion transceivers lead to 

limits in radar and communication performance:

ÅFalse Doppler targets appear at relative level of image frequency spur

ÅIncreased time sidelobes in LFM (chirped) waveform demodulation

ÅSkewed constellations in digital communication systems

ÅThese all present limits to system sensitivity

Initially, LO leakage and image spur levels as bad as -20 dB 

relative to the desired RF (or baseband) tone

However, these I/Q imbalances an be mitigated as part of 

an internal self-calibration procedure

Array self-calibration procedure developed for I/Q imbalance

Digital interface at each element allows for in-situ error correction
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Calibration procedure:

1) Transmit baseband tone at f1, and receive at f2
through mutual coupling to a different element

2) Iteratively adjust digital transmit signals based 

on measured relative spur levels at receiver

Relative error levels defined by 

circles in DC and I/Q error planes

3) Directly measure receiver imbalance, then correct for it through a 

matrix transform that also does element gain and phase weighting
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In addition to outright failure at the element level, small 

errors induced by aging and environmental factors put 

fundamental limits on post-calibration beamforming quality

ÅExample (right): Attempt to use Schelkunoffôs method to scan a null to 

direction of jammer at -7Áis thwarted by a mere 5% RMS weight error 

ÅIt is typically difficult, time-consuming, and expensive to re-calibrate the 

array once it has been fielded, as external equipment (e.g. near-field 

scanners) are needed

However, with digitization and control at every element, it is 

possible to use mutual coupling to perform in-situ, element-

level error detection and correction without extra hardware

Linear Model for I/Q Imbalance:
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Jammer Suppression in Simulated 32-Element Array

Jammer location

Ideal pattern
5% RMS weight error

Error results in limited 

jammer suppression

System must be able to maintain element-level performance 

Tm = error from digital 
signal to Vm on Tx.

Rn = error from Vn to 
digital signal on Rx.

Calibration procedure:

1) During the initial alignment, transmit sequentially 

from a group of elements and record amplitude & 

phases received at a group of receivers (Cmn) 

2) After array has been fielded and/or parts have 

been replaced, simply repeat  the same coupling 

measurements as in the initial step (�&�¶mn) 

3) Estimate and digitally compensate for complex 

errors Tm and Rn based on resulting error matrix K, 
assuming a linear array coupling model with only 

small (second-order) errors in RF impedances,
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Linear array coupling model (transmit shown)

Initial

T = 36�ƒC T = 39�ƒC T = 45�ƒC

Receivers are initially 

aligned to each other

Externally-measured 

complex transmit and 

receive weights:

Transmitters are initially 

aligned to each other

Re()

Im()

One transmitter 

heats up quickly

T = 50�ƒC

Final

Transmitters and receivers 

are re-aligned to each other

Example: Localized transmitter temperature stressing


