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On-Chip RF Phased Array Characterization with

DC-Only Measurements for In-field Calibration
Jae Woong Jeong, Jennifer Kitchen, and Sule Ozev, Member, IEEE

Abstract— This paper presents a low-cost, on-chip built-in self-
test (BIST) measurement for calibration solution of RF phased
arrays. Mathematical modeling of the circuit impairments and
phased array behavior indicate that by using two distinct input
amplitudes, both of which can remain unknown, it is possible to
measure gain and phase mismatch of the phased array using the
proposed BIST solution. In addition, a test signal steering circuit
is designed in order to ensure that test signal amplitudes are
identical through different phases of testing. The proposed BIST
measurement circuit is designed and fabricated using 0.18µm
IBM_7RF process. A prototype four-element phased array PCB
operating at 1 GHz is also designed and fabricated for verifying
the proposed method. With the proposed method, the phase
difference between elements can be measured with less than 1°
error, which would allow for self-monitoring in 6-bit phased array
applications.

Index Terms— RF Phased Array, Built-in Self-Test, Gain and
Phase mismatch

I. INTRODUCTION

ADVANCED RF transceivers integrate various RF compo-

nents as well as mixed-signal circuits into single system-

on-chip (SoC). An RF phased array is a special case of

a system that uses the spatial dimension.[1] Contrary to a

fixed directional antenna system, the phased array enables

controlling the beam direction electronically by setting the

phase offset between elements. For phased arrays to work

properly, elements of the array need to be properly matched

with well-defined phase offsets, which can change in the field.

Even a few degrees of error can be detrimental to the phased

array operation since the error causes degradation of the signal

to noise ratio (SNR) in the phased array. Hence, it is absolutely

imperative that the phase mismatch of the elements is moni-

tored and calibrated, which requires a measurement/calibration

approach that involves high frequency signals. Measurement

and calibration of such elements generally require complex,

expensive external equipment [1]. Relying on external equip-

ment is not an option for in-field calibration. Even if the phase

offsets are well characterized and tabulated at production time,

in-field monitoring and re-calibration may be necessary due to

changes in environmental conditions, such as temperature and

reflection in the environment.

In [4], the authors propose a BIST method to measure the

phase mismatch of the phased array using external signals

and a switch network at the input. However, the method in [5]
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relies on an external signal source and PCB-based splitters

which cannot be easily implemented on-chip. Hence, this

hybrid on-chip/off-chip method cannot be used in the field.

In this paper, a full on-chip BIST system for phased array

characterization is proposed. The proposed method can be used

for in-field calibration purposes as well as during production

test. We design on-chip BIST test signal source as well as

on-chip BIST measurement circuit. The entire BIST loop

operating at 1GHz is fabricated with IBM 0.18µm process

and verified using internal and external measurements. Details

regarding on-chip measurement circuit and design trade-offs

are discussed in this paper. In addition, the system is evaluated

with various analog-to-digital converter (ADC) resolutions

ranging from 8-bits to 6-bits to determine the feasibility

of on-chip measurement. We show that the proposed BIST

system can provide accurate results using a small on-chip

house-keeping ADC. Finally adaptive trading-off test time and

accuracy is analyzed.

II. PROPOSED METHOD

The proposed on-chip BIST measurement solution is based

on the observation that performance of phased array is primar-

ily determined by the phase mismatches between the elements

while the absolute values of phase is not at issue. Hence, all

measurements can be performed relative to one another. Rela-

tive measurements greatly simplify the BIST system design. In

the proposed technique, a single-tone RF sinusoidal stimulus,

whose amplitude and phase do not need to be known, is

generated and DC signal analysis is used for ease of on-chip

implementation. Fig. 1 shows the overall architecture of the

proposed BIST system that can be implemented on-chip. As

shown in Fig. 1, the proposed BIST system consists of test

signal source and test signal steering circuit on the input side,

and measurement circuit on the output side. The BIST test

signal steering circuit in Fig. 1 consists of switches, couplers,

and resistors to control the primary circuit input. The output

of the phased array is applied to the input of the measurement

circuit through an RF switch in Fig. 1. It is noted that the

output of the phased array is divided into two paths through

an RF splitter, and one of the outputs is connected to the RF

port of the mixer while the other path is connected to the LO

port of the mixer. The amplitude of the LO signal needs to

sufficiently drive the LO port of the mixer. The output path

of the mixer down-converts the high frequency signal to a DC

signal since the low pass filter (LPF) removes high frequency

components to enable on-chip measurement and analysis. The

resulting DC output is digitized by an existing ADC, which

usually has 6-8 bit resolution. It is important to note that all
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Fig. 1. Proposed BIST architecture for the phased array.

mismatches contributing to the phase of each path, not just the

phase shifters, are included in the self-test path in a manner

identical to the normal operation mode.

A mathematical model is analytically developed in this

paper in order to compute the parameters from only DC

outputs of the BIST circuit. Output signals at the baseband

can be analyzed by the DSP to compute target parameters

such as gain and phase difference in RF phased arrays.

A. Step I: BIST Self-Loop

In Step I, a sinusoidal test signal which is generated from

the test signal source is applied to the measurement circuit.

However, the DC value at the output of the measurement

circuits includes gain of the measurement circuit as well as the

DC offset due to LO leakage. Hence, the DC offset needs to be

eliminated from the gain of the measurement circuits using two

measurements of the BIST system, in which the test signals

are sinusoidal signals that have different amplitude. In Step I,

the BIST test signal source with two different amplitudes is

directly connected to the measurement circuits and then the

responses at the intermediate frequency (IF) port of the mixer

are given by (1) and (2) respectively as follows.

Ain,1GSW cos
((

ωc + ωdri f t

)

t+θdri f t

)

× cos
((

ωc + ωdri f t

)

t+θ dri f t − θdi f f

)

G
Mixer

+ DCof f set

(1)

Ain,2GSW cos
((

ωc + ωdri f t

)

t+θdri f t

)

× cos
((

ωc + ωdri f t

)

t+θ dri f t − θdi f f

)

G
Mixer

+ DCof f set

(2)

where Ain,1 and Ain,2 are two distinct amplitudes of the

test signals, GSW is the total insertion loss of the switches,

GMixer is a conversion gain of the mixer, ωdri f t and θdri f t

are frequency and phase term respectively due to free running

oscillator, θdi f f is the phase difference between two input

signals of the mixer in the measurement circuit, and DCof f set

is DC offset. After the LPF, the output responses at BIST

measurement circuits are given by (3) and (4) as follows.

M1 = 0.5 × Ain,1GSW GMeascos
(

θdi f f

)

+ DCof f set (3)

M2 = 0.5 × Ain,2GSW GMeascos
(

θdi f f

)

+ DCof f set (4)

where GMeas is the gain of the measurement circuit that

includes conversion gain of the mixer, and insertion loss of

the LPF. Since self-mixing technique uses only one test signal

source, frequency and phase terms due to LO drift are removed

regardless of operating frequency.

The DC offset (DCo f f set ) can be removed by subtracting

the second measurement (M2) from the first measurement

(M1). The result from the subtraction is given by (5) as

follows.

M2 − M1 = (Ain,2 − Ain,1)GSW GMeascos
(

θdi f f

)

(5)

This term M2 − M1 in (5) is the compensation term for the

measurement circuit and will be used to calculate the target

parameters of the phased array in next steps.

B. Step II: Gain Measurement

During Step II, the test signal is applied to the input of

each path in the phased array. After two test signals that have

the same amplitude as in Step I are applied to the input of

each path, the output responses of the mixer in measurement

circuits are given by (6) and (7) as follows.

Ain,1G pathGSW cos
((

ωc + ωdri f t

)

t+θdri f t

)

× cos
((

ωc + ωdri f t

)

t+θdri f t − θdi f f

)

G
Mixer

+ DCof f set

(6)

Ain,2G pathGSW cos
((

ωc + ωdri f t

)

t+θdri f t

)

× cos
((

ωc + ωdri f t

)

t+θdri f t − θdi f f

)

G
Mixer

+ DCof f set

(7)

Similar to (3) and (4) in II-A, output responses of the BIST

measurement circuits after LPF are given by (8) and (9)

respectively as follows.

M3 = 0.5 × Ain,1G pathGSW G
Meas

cos
(

θdi f f

)

+ DCof f set

(8)

M4 = 0.5 × Ain,2G pathGSW G
Meas

cos
(

θdi f f

)

+ DCo f f set

(9)
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where G path is a gain of each path in the phased array. The

DC offset (DCof f set ) in the measurement step also can be

removed by subtracting the fourth measurement (M4) from the

third measurement (M3) and the subtraction result is given by

(10).

M4 − M3 = (Ain,2 − Ain,1)G pathGSW G
Meas

cos
(

θdi f f

)

(10)

In (10), it is noted that (A2 − A1)GSW GMeas is already

determined during Step I. Therefore, gain of each path is

determined by simply dividing (10) by (5) and is given by

(11) as follows.

G path = (M4 − M3)/(M2 − M1) (11)

C. Step III: Phase Difference Calculation

Once the gain of each path is computed, phase difference

between adjacent paths can be determined. In order to deter-

mine the phase difference, the same two test signals used in

previous steps (Step I and Step II) are applied to the inputs

of two adjacent paths of the phased array simultaneously. The

output responses of the mixer are given by (12) and (13) as

follows.

Ain,1Gcomb_i GSW cos
((

ωc + ωdri f t

)

t+θdri f t

)

× cos
((

ωc + ωdri f t

)

t+θ dri f t − θdi f f

)

G
Mixer

+ DCof f set

(12)

Ain,2Gcomb_i GSW cos
((

ωc + ωdri f t

)

t+θdri f t

)

× cos
((

ωc + ωdri f t

)

t+θ dri f t − θdi f f

)

G
Mixer

+ DCof f set

(13)

where Gcomb_i , is the gain of two adjacent paths when a test

signal is applied to the two paths.

After the low pass filter, the measured DC values at the

output of the measurement circuit are given by (14) and (15).

M5 = 0.5 × Ain,1Gcomb_i GSW GMeas + DCof f set (14)

M6 = 0.5 × Ain,2Gcomb_i GSW GMeas + DCo f f set (15)

After subtracting (15) from (14), DC offset (DCo f f set ) is

eliminated and the result is given by (16) as follows.

M6 − M5 = (Ain,2 − Ain,1)Gcombi GSW G B I ST (16)

Once the DC offset is removed, Gcomb_i is computed by

dividing (16) by (5) and given by (17) as follows.

Gcomb_i = (M6 − M5)/(M2 − M1) (17)

Finally, the phase difference is determined by using ‘law of

cosine’ in vector form. The result is given by (18).

�ϕi = cos−1

[

1

2

(

A2
out,comb_i − (A2

out,i + A2
out,i+1)

Aout,i × Aout,i+1

)]

(18)

where, Aout,comb_i is an amplitude of output signal of i th path

when test signal is applied to two adjacent paths (i th and

i + 1 th path) of the phased array while Aout,i and Aout,i+1

are amplitude of output signal in i th and i + 1 th path when

test signal is applied to i th and i + 1 th path of the phased

TABLE I

(A) GAIN COMPUTATION FROM SIMULATION RESULTS (B)
MONTE_CARLO SIMULATION RESULT (100 SAMPLES) FOR GAIN

MEASUREMENT OF CASE 2

array respectively. Since the amplitude of output signal is gain

multiplied by amplitude of input signal, (19) can be reduced

to (19).

(19) includes three variables, Gcomb_i , G path_i , G path_i+1,

which are already determined in Step I, II, and III. It is noted

that the precise amplitude of the test signal and ratio of the test

signal amplitudes are not necessary for the phase difference

measurement. Furthermore, phase difference is computed only

using DC measurements from Step I, II, and III.

III. BIST CIRCUIT IMPLEMENTATION

A. BIST Circuitry Design

Based on the analysis in Section II, the proposed on-chip

BIST system is designed with 0.18µm IBM_7RF process.

The BIST system consists of the test signal source and

measurement circuitry. Fig. 2 shows the entire BIST system.

As discussed in Section II, the proposed BIST method only

requires the two test signals to have different amplitudes,

but the exact relation between them does not need to be

known. This relaxation greatly simplifies the BIST design, as

the exact value of the control signal and the output signal

amplitudes do not need to be determined. The test signal

source is implemented with an LC oscillator and RF switches.

The LC oscillator is in an open-loop where its frequency

may drift dynamically. However, there is no frequency mis-

match in the proposed BIST method since self-mixing tech-

nique is used.

The measurement circuit is composed of an active splitter,

an inverter chain, a balun, a mixer, a buffer, and biasing circuit.

Since the measurement circuitry uses self-mixing, the input

signal of the measurement circuit is divided into two paths

using the active splitter.

B. Design of Test Signal Steering Circuit

It is noted that the proposed BIST circuit should not affect

performance of the phased array during the normal mode while

it should determine gain and phase mismatch accurately during

the test mode. In order to satisfy these requirements, we design

test signal steering circuit with a coupler, an RF switch, and
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⎡

⎣

1

2

⎛

⎝

(

Ain Gcomb_i

)2 −
[

(

Ain G path_i

)2 +
(

Ain G path i+1

)2
]

Ain G path_i × Ain G path i+1

⎞

⎠

⎤

⎦

= cos−1

⎡

⎣

1

2

⎛

⎝

(

Gcomb_i

)2 −
[

(

G path_i

)2 +
(

G path i+1

)2
]

G path_i × G path i+1

⎞

⎠

⎤

⎦ (19)

Fig. 2. Block Diagram of Proposed BIST system

TABLE II

MONTE_CARLO SIMULATION RESULT FOR PHASE MISMATCH COMPUTA-
TION

50 ohm resistors. The amplitudes of test signals at the input

of the phased array should be the same regardless of the

measurement steps. In order to ensure this, we add a parallel

switch along with a 50ohm resistor to each path of the phased

array.

When the test signal is applied to one or two paths of

the phased array, the other paths are terminated to a 50

ohm resistor through a parallel switch. Therefore, the output

impedance of the BIST test signal source is always same

for any kind of switch combination. Finally, a capacitive

coupler is used to inject the test signal to each path of the

phased array. The capacitive coupler is designed to have a

low gain for the test signal, which in turn ensures that it has

a low injection loss for the primary path. Fig. 1 shows circuit

topology of the test signal steering circuit which includes the

equivalent circuit of the capacitive coupler and Fig. 1 shows

the topology of the single-pole single-throw (SPST) RF switch.

Although the absolute value of on-chip 50-Ohm termination

has a large variation, mismatches between the resistors are

small. In addition, since ratiometric measurement is used in

the proposed method, deviations in the 50-Ohm termination

does not affect the accuracy of the proposed method.

Fig. 3. Transient analysis in Cadence simulation

IV. EXPERIMENTAL RESULTS

The proposed on-chip BIST system is evaluated using both

simulations and hardware experiments. Simulations are used

to verify that the proposed technique is robust with respect to

process variations, and the hardware experiments are used to

demonstrate that the technique can be employed in a practical

environment.
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TABLE III

DC OUTPUT DURING STEP III AND COMPUTATION OF PHASE DIFFERENCE

TABLE IV

PHASE DIFFERENCE MEASUREMENT WITH 8-BIT ADC AND 6-BIT ADC

A. Simulation Results

In the simulation, PVT (Process, Voltage and Temperature)

corner simulations as well as mismatch simulations are con-

ducted. Fig. 3 shows the BIST output waveform during each

step of the proposed test technique. In Fig. 3, control 1 is a

control signal in single pole double throw switch 1 (SPDT1)

in Fig. 1 while control 2 is a control signal in SPDT2 shown

in Fig.1. When control 1 is high and control 2 is low, port 1

in SPDT 1 is connected to port 3 while port 1 in SPDT 2 is

connected to port 2. Then M1 and M2 in Equation (3) and (4)

are measured as shown in Fig. 3. And when control 1 is high

and control 2 is low, M3 and M4 in Equation (8) and (9) are

measured as shown in Fig. 3. In Table I (A), computed gain of

the DUT for three cases is shown with the actual DUT gain.

Table I (B) shows Monte-Carlo simulation results for Case 2

in Table I (A).

The available process design kit is used for Monte-Carlo

simulations. The oscillator output amplitude and the gain of

the BIST system vary more than 20%. However, the self-

compensation step (Step I) eliminates all error except for error

from component matching, such as line mismatch in traces and

switch paths. From a 100-sample Monte-Carlo run, the RMS

error in predicting the DUT amplitude is 1.6%.

Monte-Carlo simulations for the proposed test signal steer-

ing circuit are also performed. We confirm that the amplitude

of the BIST test signal is different for each Monte-Carlo

sample. However, for each sample, the test signal amplitudes

remain the same various steps. This ensures that the technique

will produce accurate results regardless of process variations.

Again, absolute amplitude of the test signal amplitude is not

required with our proposed technique. In order to investigate

how on-chip BIST input circuit affects the accuracy of the pro-

posed technique, we took the worst-case amplitude mismatch

between test steps and substituted it into (5), (11) and (18)

for phase difference computation. The computed values from

the worst case simulation are compared with actual values

and shown in Table II. As these results show, even with

the worst-case mismatch, the phase imbalance can still be

Fig. 4. (a) Chip microphotograph of the Proposed BIST system (b) Evaluation
PCB for the proposed BIST chip

determined within 1° error. It is noted that the proposed BIST

has high accuracy regardless of PVT corners and mismatches

since the measurement circuit in Fig. 1 is characterized during

BIST Self-loop (II.A) and target parameters such as gain and

phase difference are determined based on ratio of measurement

values.

B. BIST IC

The designed BIST system is fabricated using 0.18 µm

IBM_7RF process. Fig. 4 (a) shows the chip microphotograph.

It is noted that a single symmetric inductor rather than two

asymmetric inductors is used for the LC oscillator since it

saves area and exhibits a high quality factor [9]. Fig. 4

(b) shows the evaluation PCB for the proposed BIST IC.

The measurement circuit requires only one supply voltage

(1.8V) since the biasing circuit, which is implemented on-

chip, provides all necessary bias voltages.

C. Hardware Measurement Test Setup

According to the proposed methodology, phase difference

of phased array was measured and Fig. 5 shows test set-up.

In order to verify the accuracy of the proposed technique,

we also directly measure the phase difference in time domain

with a traditional method, which serves as the baseline mea-

surement. By measuring time difference between the two

waveforms, we can directly measure an actual phase difference

between elements in the phased array. Table III shows com-

parison between the proposed method and baseline method.

Four evaluation PCBs including the BIST chips are man-

ufactured and we estimate phase difference of two different

phased array boards with the proposed BIST ICs. Fig. 6

shows the histogram on the error with the two phased array

PCBs and four BIST IC chips. The proposed BIST system

can accurately determine phase difference within 1% of the

traditional method.

Lastly, we also evaluate the effect of ADC resolution on

the accuracy of the proposed technique. The measurement

results of the proposed technique using an 8-bit ADC are

compared with the same measurements using a 6-bit ADC.

The results of these additional experiments are shown in

Table IV. When the ADC resolution is reduced from 8 bits

to 6 bits, we observe a small degradation in the accuracy
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Fig. 5. Test set-up for the proposed phased array BIST technique

Fig. 6. Histogram on Error for two different phased array PCBs and four
BIST ICs

for phase mismatch computation. However, this degradation

is not significant enough to cause any problems with digital

calibration. It should be noted that most housekeeping ADCs

in SOCs have more than 8-bit resolution.

D. Test time and Hardware Overhead

The proposed technique requires four steps. (1) BIST

output measurements after applying two test signals with

different amplitude to input of the BIST measurement circuit

(2 measurements), (2) calculation of the BIST measurement

circuit’s internal parameters, (3) measurement of the phased

array using the BIST system, and (4) calculation of gain

and phase difference. Basically, 1000 samples are measured

and averaged for each DC measurement in order to eliminate

measurement noise and improve the accuracy. 1000 samples

are enough to guarantee the high accuracy of the measurement.

In addition, for in-field measurement, an accuracy is the most

important consideration. The increased measurement time with

1000 samples during in-filed measurement would not impact

manufacturing cost. Hence, test time for 1 DC measurement

TABLE V

AREA OVERHEAD ESTIMATE WITH IBM 7RF PROCESS

is given by (20)

TDC = 1000 × Tsample + 2µs (20)

Where Tsample is sampling period and 2µs means settling

time. Since the fabricated phased array includes four elements,

10 DC measurements are required for gain mismatch compu-

tation while 6 DC measurements are required for phase mis-

match computation. And Tsample is 0.1µs since sampling rate

of ADC is 10 MHz. Therefore, total test time for four element

phased array characterization is 1602µs(= 16×1000×0.1+2).

Once N-element phased array is tested with the proposed

technique, 2N+2 measurements are needed for gain mismatch

computation while 2N-2 measurements are necessary for phase

mismatch computation. Hence, total test time is given by (21).

Ttotal = 4N × (Nsamples × T
sample

+ Tset tling) (21)

Where, N is number of element, Nsamples is number of

samples, Tsample is sampling period and Tset tling is settling

time.

Finally, area overheard of the proposed on-chip BIST circuit

is shown in Table V. Table V also includes the area estimate

of an RF front-end phased array manufactured with a similar

technology for comparison purposes [10,11]. The area over-

head of the proposed technique is less than 1.1%.

E. Adaptive Trading-off Test Time and Accuracy

In the proposed technique, it is easy to trade-off accuracy

and test time thanks to DC-only measurement scheme. In the

proposed technique the measured variables, (M4 − M3) and

(M2 −M1), are used to calculate the phase and gain mismatch.

These values against the resolution of the ADC gives us

the signal-to-noise ratio in the first step of the calculations.

We can assume that the error for one DC measurement is

VL S B/2. Since the measurement of (M2 − M1), happens in

uncorrelated steps, the error in measuring this quantity is

therefore VL S B/
√

2, since errors add in square form. If the

measurements are repeated Ns times each, this error will

reduce to
VL S B√

2Ns
. To calculate the error in one gain measure-

ment, we need to use the partial derivative of (11) with respect

to (M2 − M1) and (M4 − M3), which is given in (22) and

(23). Again, since measurements are taken at different points
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in time, the errors are uncorrelated and add in terms of their

square. The error in one gain measurement is given in (24).

Combining (24), with (22) and (23), and using VL S B√
2Ns

for the

error in the measurement of (M2 − M1) and (M4 − M3), we

can obtain (25) to express the error in gain measurement in

terms of the ADC resolution.

∂G p

∂ (M4 − M3)
=

1

M2 − M1
(22)

∂G p

∂ (M2 − M1)
= −

M4 − M3

(M2 − M1)
2

(23)

ε2
G p

=
(

∂G p

∂ (M4 − M3)

)2

ε2
(M4−M3)

+
(

∂G p

∂ (M2 − M1)

)2

ε2
(M2−M1)

(24)

ε2
G p

=
2V 2

L S B

Ns (M2 − M1)
2

+
2V 2

L S B · (M4 − M3)
2

Ns (M2 − M1)
4

(25)

The same procedure can be followed to determine the error

in phase mismatch, given the errors in path gains.

Note that in this error model, the error will be dependent on

the final calculated quantities. However, after the first set of

measurements, one can calculate error in measuring the phase

mismatch and increase the accuracy by repeating/averaging.

Hence, one can iteratively determine if the measurement error

is low enough to calculate the phase mismatch with the desired

accuracy (within 1° error) and increase Ns until the desired

accuracy is reached.

V. CONCLUSION

In this paper, a new on-chip measurement solution suitable

for in-field calibration of RF phased arrays is proposed. The

proposed on-chip measurement technique characterizes impor-

tant performance parameters of the phased array such as gain

mismatch and phase difference between adjacent elements.

The proposed measurement technique consists of three steps:

BIST compensation, gain measurement, and phase difference

measurement. The major advantage of the proposed technique

is that it requires no knowledge of the exact amplitudes gen-

erated by the BIST system, nor does it require that their ratios

be known. In addition, the BIST input circuit is robust with

respect to process variation using matched paths. The proposed

BIST system is fabricated using 0.18 µm IBM_7RF process.

Extensive simulations and hardware experiments show that

the proposed on-chip BIST solution determines the phase

mismatch within 1° error.
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