
On-Chip Self-Calibration of RF Circuits Using Specification-Driven

B uilt-I n Self T est (S-B I ST )  

Donghoon Han, Selim Sermet Akbay, S. Bhattacharya, and A. Chatterjee  

School of ECE, Georgia Institute of Technology, Atlanta, GA, USA. 

{ d hhan} @ ece.gatech.ed u

W illiam R . E is ens tadt 

D ep t. of ECE, Univ ersity of F lorid a, USA. 

A bstract 

In the nanom eter d esign regim e, analog and  R F  

circuits are ex p ected  to b e increasingly suscep tib le to 

p rocess, noise and  therm al v ariations. Shifting threshold  

v oltages on the N M O S and  P M O S d ev ices of a m ix er, 

L N A or p ow er am p lifier, for ex am p le, can affect the 

d esign sp ecifications of such circuits (such as gain). 

Therm al v ariations can affect carrier m ob ilities of N M O S 

and  P M O S d ev ices d ifferently, further affecting circuit 

p erform ance. To solv e these p rob lem s, a new  

self-calib ration ap p roach d riv en b y a Sp ecification-

d riv en B uilt-In Self-Test p roced ure (S- B IST) is p rop osed . 

This S- B IST p roced ure uses alternate sp ecification test 

techniq ues to p red ict the p erform ance sp ecifications of 

the circuit-und er-test from  the S-B IST resp onse. The 

results of the S-B IST p roced ure are used  to change the 

op erating p oint of the circuit to m ax im ally com p ensate 

the analog/R F  circuit for loss of p erform ance. The 

p rop osed  S- B IST ap p roach has b een ap p lied  to a 2 .4 GH z  

low  noise am p lifier and  p erform s w ell in the p resence of 

tem p erature and  p rocess v ariations. 

1 . I ntrod uction 

F u tu re CM O S technologies  ( s u b-9 0 nm) w ill integrate 

comp lex  R F /analog/digital circu its  on-chip . A key cau s e 

of concern is  the effect of p roces s  v ariations  on the 

p erformance of analog/R F  circu its  res u lting in los s  of  

manu factu ring yield. In addition, thes e circu its  hav e to 

fu nction reliably u nder adv ers e field conditions  ( thermal, 

nois e and battery p ow er conditions ) .  

T his  p ap er is  concerned w ith on-chip  s elf-calibration 

techniq u es  for R F  circu its  to make them immu ne to 

thermal ( in the field)  and p roces s  (du ring manu factu ring) 

v ariations . In the p as t, s u ch calibration has  been difficu lt 

du e to the inability to meas u re dev iations  of R F  circu it 

s p ecifications  from the ex p ected, u s ing on-chip  

mechanis ms . W hile it is  p os s ible to tes t w hether a circu it 

meets  all its  des ign s p ecifications  u s ing comp lex  ex ternal 

tes t ins tru mentation ( R F  s timu lu s  generators , high-

freq u ency R F  meas u rement dev ices ) , it is  not p os s ible to 

meas u re all the des ign s p ecifications  of an R F  circu it on-

chip  eas ily for s elf-calibration. Cu rrent R F  bu ilt-in s elf-

tes t (BIST )  techniq u es  target one or a few  R F  des ign 

s p ecifications  and are difficu lt to imp lement on-chip . 

F u rther, s elf-calibration req u ires  the ability to p erform 

circu it diagnos is  from the tes t res u lts . O nce the cau s e of 

the p erformance los s  is  determined, neces s ary action can 

be taken to comp ens ate for the cau s e ( thermal, p roces s  

v ariations , degradation du e to electromigration/hot-carrier 

effects /aging). 

In this  p ap er, w e p rop os e a new  s elf calibration 

techniq u e bas ed on a b uilt- in alternate test m ethod ology.

T he p rocedu re (called the S-BIST  p rocedu re) cons is ts  of 

ru nning a b uilt- in alternate test [ 7 - 1 2 ]  on the R F  circu it to 

determine its  p erformance s p ecification v alu es  accu rately. 

In order to determine how  to change the control 

p arameters , it is  neces s ary to firs t know  w hich of the 

circu it s p ecifications  hav e been affected by the changed 

env ironment and by how  m uch. Bu ilt-in alternate tes t 

p rov ides  s u ch information for s elf-calibration. T hen 

correctiv e action is  taken by ad ap ting the bias  

v oltages /cu rrents  of the R F  circu it to the changed 

env ironment or p roces s  v ariations  u s ing a self-calib ration

p rocedu re. T his  is  p os s ible du e to the fact that mos t 

Sys tems -on-Chip s  (SoCs )  hav e an as s ociated on-board 

DSP  p roces s or to p roces s  circu it data and s erv e as  the 

interface betw een the circu its  and the ex ternal w orld. T he 

DSP  p roces s or allow s  imp lementation of a digital 

clos ed-loop  comp ens ation control algorithm that allow s  

op tim al self-calib ration of the R F  circu its  inv olv ed. T he 

s p ecific effects  that w e w is h to detect and p rotect the 

circu its  agains t are the follow ing: 

1 . T hermal effects : L arge temp eratu re s w ings  affect R F  

dev ice bias  cu rrent changes , thereby amp lifying mis match 

effects  and degrading p erformance.  

2 . P roces s  v ariation effects : In the deep  s u bmicron 

regime, p roces s  v ariations  are ex p ected to be s ignificant 

and can cau s e p erformance los s  du e to thres hold v oltage 

mis match, etc.  

In the follow ing, p rior w ork is  dis cu s s ed follow ed by a 

dis cu s s ion of the alternate tes t methodology. T he 
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proposed S-BIST driven self-calibration methodology is

then described. Simulation results for a self-calibrating

low-noise amplifier (LN A) designed with 0.18 m CMOS

rule set are presented.

2. Previous Work 

V arious methods for reducing circuit performance

variations are available in the literature. For example,

self-calibration techniques are an integral part of

analog-to-digital and digital-to-analog converter designs

[1][2], which trim reference voltages or capacitances to

reduce device mismatch.  However, these approaches

have limitations in RF circuit applications. On the other

hand, alternative solutions have been proposed which are 

inherently robust. One such example is the use of bandgap

references [3 ] which provide bias voltages immune to

temperature variation. Similarly, circuitry proposed in [4 ] 

compensates for the mismatch of current mirrors, whereas

the feedback circuit in [5 ] tracks predefined process

variation related effects such as transistor thresholds, body

effect, and channel length modulation. In addition,

predistortion lineariz ation has been recently employed as

a common technique for RF power amplifiers [6 ]. This

compensates for the presence of nonlinearities by applying

predistorted input signals.

The above techniques [1-6 ] are designed only to tackle

specific factors such as temperature, selected process

variations or a single performance specification. In

addition, they are application specific and require

significant increase in design time to incorporate

self-calibration. Moreover, the range of performance

variation over which compensation can be performed is

limited by the fact that the compensation circuitry is itself

exposed to the same environmental conditions as the test

circuitry itself. In this paper, we propose a universal RF

self-calibration scheme to compensate circuits for

temperature and/or process variations. The performance

evaluation scheme is specification centric so that the

deviations are compensated  only when they affect the end

specifications. In addition, the compensation is performed

via digital algorithms that are “ immune”  to thermal and

process effects.

3 . Built-In Alternate Test 

In the S-BIST approach, first an alternate test [7-9] is

applied to the circuit under test. The benefit of using an

alternate test is that all the RF circuit’s performance

specification values can be predicted accurately from the

observed test response. There has been significant work in

the past on applying alternate test ideas to analog, mixed-

signal and RF circuits. The overall alternate test scheme is 

depicted in Figure 1.

A specially crafted test stimulus is applied to the DU T,

and is selected so that the test response is strongly

correlated to all the specifications of interest. A nonlinear

(regression-based, obtained through a calibration

procedure) mapping function provides the relationship

between the test response and the specifications of interest.

Thus, the DU T specifications can be predicted accurately

from the alternate test response.  The predicted DU T

specification values are used to make  pass/fail decisions.

Figure 1. Alternate test methodology.

In the past, alternate tests have been geared towards

production test time and test equipment cost reduction.

The use of alternate tests for self-calibration has

additional key requirements: 1) the RF test stimulus must

be generated on-chip using available test resources, 2) the

available on-board or embedded ADCs must be able to

capture the alternate test response, 3 ) the response capture

and analysis/feedback scheme for self-calibration must be

immune to thermal/process variations.

The RF built-in alternate test schemes proposed in [10-

12] already address some of these challenges. For

production test of RF circuits, alternate tests consist of

single sinusoids or multitone stimulus easily implemented

on-board or on-chip. Furthermore, these utiliz e

RMS/peak/envelope detectors (called “ feature extractors” )

to extract DC or low frequency signal components from

the RF output response. These response features enable

the use of on-chip/on-board ADCs already available in the

system. In addition, by using these feature extractors, it is

possible to compensate for thermal and process variation

induced errors in the response circuitry. In the temperature

compensated configuration [10], feature extractors are 

directly connected to the test stimulus generator as well as

the LN A output. Consequently, the regression model that

maps the alternate test response to the test specification

values of the DU T, along with the data from the feature

extractors connected directly to the test stimulus, can be

calibrated to compensate for thermal swings. In the

literature, RF built-in alternate tests have been reported

where the test specification value prediction error is the

range of  ± 0.2%  to ± 5 % . 

The S-BIST methodology for self-calibration involves

the use of alternate BIST techniques for RF components

such as mixers, LN As and RF power amplifiers. These are

based on the principles described above, using a) carefully
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crafted test stimuli that are possible to generate
on-board/chip, b) carefully selected test response feature
extractors that are immune to thermal and process
variations, and c) use of an embedded DSP processor for
completely autonomous test response analysis and self
calibration.

4. S-BIST Driven Self-Calibration

The proposed S-BIST driven self calibration technique
is designed to compensate for circuit performance
degradation due to temperature and process deviations
from the nominal. Process variations such as the shift of
threshold voltage, oxide thickness and geometric size of a 
transistor directly affect the circuit performance. For 
example, threshold voltage shift affects transistor bias
current and hence, its transconductance. In terms of
temperature, although commercial analog and microwave
electronics typically work over a range of 0° C to 50° C,
this temperature range can be greatly extended using
intelligent self-calibration algorithms. As temperature
increases, several fundamental effects occur in circuits. As
a rule of thumb NMOS and PMOS transistors have a
threshold voltage shift VT magnitude of roughly |2mV/K |;
the NMOS coefficient has a negative sign and the PMOS
coefficient has a positive sign. These threshold voltage
shifts can be very detrimental to circuit operation. Also
the bias voltage references and current sources can force
transistors into the wrong region of operation and
drastically reduce gain. In addition, the carrier electron
mobility inside the transistor is a function of temperature
(to the -1.5 power).

1.5

Nominal

( )
T

T
T

(1)

Thus, circuits that are operating at high temperatures
can experience severe carrier mobility degradation and
drastically reduced NMOS drain-to-source currents. This
results in reduced transconductance, and significantly
shifts input and output impedances. Carefully constructed
RF matching circuits work poorly when the transistor
input and output impedances shift due to high
temperature.

By knowing the specification values of interest via
S-BIST, the self-calibration system can direct the circuit
to perform better. As a part of the self calibration scheme,
bias currents/voltages can be trimmed via DAC control to
compensate for low mobility and transconductance, and
varactors (variable capacitors) can be employed to control
impedances. In this paper, we demonstrate the use of a 
DSP controlled programmable current mirror scheme,
which determines the main bias current of the device.
Figure 2 shows this bias circuitry where digital switches

S0-S4 control the total current through the NMOS
transistor.

Figure 2. Programmable bias circuit.

The overall S-BIST driven self calibration scheme is
shown in Figure 3. The self calibration procedure works
as follows: (a) in the field or after manufacture,  the self
calibration mode is turned on depending on the
application (self-calibration for thermal or process
variation, respectively); (b) the DSP processor activates
test stimulus generation process and switches device
inputs accordingly; (c) the test response feature extractors
are used to convert the test response into a DC/low
frequency test response “signature”; (d) based on the
pre-defined regression models described earlier, these
signatures are mapped into the test specification values of
interest in the presence of temperature and/or process
deviations; (e) finally the DSP processor adjusts the
digital control bits to trim the circuit bias point. The
trimming process is iterated until the optimum operating
point is obtained based on a predefined optimization rule.

Figure 3 . B asic scheme of S -B IS T  calibration.

In order to achieve good compensation, the
optimization process needs to be driven by a goal function
based on the optimum circuit performance. Depending on
the circuit application and the distance between the
nominal specification value and its bound, various
methods are possible. For example, suppose that the noise
figure requirement of a circuit is stringent, whereas the
other specifications have enough performance margins. In
this case, the calibration process focuses manily on noise
figure performance. For diverse applications, the cost
function for variable x (each variable is a bias( )x
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voltage or current that can be adjusted to compensate the
RF circuit for performance loss) is defined as

( ) ( )
i i

i

x w f x

where

_( ) , ( ) worse
( )

0,

i i T i

i

S x S if S x is than S
f x

otherwise

T

(2)

where wi is a weighting factor, and Si and SiT represent the
i-th specification value and its target specification bound,
respectively. In this scheme, the minimum value of the
cost function corresponds to optimum self-calibration. In
general, some specifications may need to be compromised
since their rates of change conflict with other
specifications. For this purpose, the function fi(x) defines a 
margin around the target specification bound, where it is
simply set to zero for specification values better than this
boundary, otherwise to a positive value proportional to the
distance from the boundary.

5. Simulation Results: Case Study 

The efficiency of the proposed self calibration scheme
is evaluated using a 2.4G Hz CMOS LNA shown in Figure
4, designed using National Semiconductor’s 0.18 m
CMOS9 process technology. The specifications of interest
are S11, S21, S22, noise figure (NF), and 1dB compression
point (C1dB). As mentioned before, the proposed scheme is
designed to extract the specification values of interest
using alternate built-in test, which keeps the error of
specification prediction below 0.2%. Based on the
alternate test prediction accuracy discussed in the
literature [10][11][12], we assumed that the specification
value is extracted under ideal conditions.

Figure 4. 2.4 GHz CMOS low-noise amplifier.

To adjust the bias current of the LNA, the
programmable bias circuit shown in Figure 2 is used with
5 switches. The total current in the bias circuit is set to a 
range of 240 A to 880 A with a Ibias1 value of 240 A and

Ibias2 value of 20 A. By scaling the ratio of M1 in Figure 4
to the NMOS transistor in the bias circuitry, the bias
current of the LNA is approximately 10 times that of the
total current from the bias network with a resolution of
200 A.

The cost function for optimization is defined for the
target specification vector ST : [S11 S21 S22 NF C1dB] with
the value of [-20 12.28 -20 2.125 -13.8]. Many instances
of the circuit were simulated via Monte-Carlo simulation
using predefined process variable statistics and the results
of these Cadence-Spectre simulations were used for
obtaining a min-max value pair for each specification.
The weighting factors wi are defined as the reciprocal of
the differences between these min-max values, hence each
product in was normalized to the specification

limits for each specification.

( )x

5.1. Temperature calibration 
In order to emulate large swings of temperature, the

LNA circuitry with the nominal process variable values
was simulated over the temperature range of -30°C to
70°C in steps of 20°C using the Cadence Spectre
simulator. The capabilities of the proposed self-calibration
scheme are demonstrated for the resulting 6 temperature
points.

Table 1. Best &  worst corners of each

specification before and after temperature

calibration.

Spec.
[d B ]

ST

O rig in a l s pec 
ra n g e: A  

Spec ra n g e 
a fter

ca lib ra tio n : B  

S1 1 < -2 0 (-2 6 .6 , -2 0 .4  ) (-3 1 .2 , -2 0 .4 ) 

S2 1 > 1 2 .1 (1 1 .2 , 1 3 .3 ) (1 2 .2 , 1 3 .2 ) 

S2 2 < -2 0 (-2 8 .8 , -2 3 .9 ) (-2 9 .1 , -2 1 .4 ) 

N F < 2 .1 2 5 (1 .4 5 , 2 .7 7 ) (1 .4 5 , 2 .4 5 ) 

C1 d B > -1 3 .8 (-1 4 .6 , -1 3 .3 ) (-1 4 .6 , -1 3 .7 ) 

Table 1 summarizes the results of temperature effect
calibration. The third and fourth columns in Table 1 show
best and worst specification values among the 6 cases
before and after calibration. For example, the best case
specification S11 is -26.6 dB and the worst case value of
the same is -20.4 dB. After calibration, the best value is
improved to -31.2dB even though the worst value remains
the same as before. Both of them meet the target
specification bound ST of -20dB. As can be seen from
Table 1, the specifications S21 and NF are compensated to 
meet the specification bound ST or approach  the target
specification bound ST, with little degradation of the
specification C1dB. Both of the specifications S11 and S22

remain within the required bounds after calibration. In this
example, even though all the specifications can not be
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compensated effectively, some critical ones such as gain
are compensated to remain in the region defined by ST

with a little or no degradation of the other specification
values.

The plots in Figure 5 show the specification value
changes after calibration for each temperature where the
dotted line is an indicator of the nominal value. The
optimum result is ideally assumed to be the flat
specification value for various temperatures after
calibration. Figure 5 shows that the specification S21 is 
well confined in the region defined by ST while NF 
improves significantly due to compensation.

5.2. Process variation calibration 
In the presence of process variations, the

self-calibration ability of the proposed methodology is
demonstrated on a number of LNA instances each
representing statistical corners for different specifications.
These statistical corners present the worst and best
instances for each specification performance, which are
obtained through Monte Carlo simulations.

The optimization metric is driven by an objective
function that is based on minimizing the deviation in each
specification in the presence of process variations. It is
important to note that this objective function is just an

example and may not be the best for every specification.
For example, minimal variation around the nominal value
is most desired for S11, S22 and generally for S21, whereas
NF/C1dB are better when minimized/maximized. In this
sense, we assume that the figure of merit for  evaluation is
the change in specification variability after calibration,
which can be measured by the ratio of the specification
variation range after calibration over the one before
calibration.  For successful calibration, this ratio should be
smaller than 1, and smaller values represent better
compensation.  In this sense, the statistical corners are 
perfect candidates for the evaluation set, since they have
the largest deviation from the nominal and hence provide
the biggest challenge for the proposed self-calibration
scheme.

The specification ranges before and after calibration
are shown in Table 2 where the second column shows the
minimum and maximum specification values for each
specification before calibration and the third column
shows the specification ranges after calibration. The last 
column displays the figure of merit, R, which is the ratio
of the specification range after calibration over the one
before calibration. For example, the specification S21

shows 13.2dB and 10.5dB as the minimum and maximum
values for the circuits before calibration. After calibration,

(a)     (b) (c)

Figure 5 . Calibration of temperature effect for; (a) S21, (b) N F, and (c) C1dB.

(a)     (b) (c)

Figure 6 . Calibration of process v ariation effect for; (a) S21, (b) N F, and (c) C1dB.
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theses extreme values shrink to 12.2 dB and 12.7dB, thus
achieve the ratio of 0.1722.  Table 2 shows that R is 
smaller than 1 for each specification of interest, hence the
proposed calibration technique is successful.

The scatter plots in Figure 6 show the calibration of the
specifications S21, NF, C1dB where the x-axis corresponds
to the specification value before calibration and the y-axis
the same value after calibration. As these examples
suggest, the wide range of variation is dramatically
reduced for all specifications after calibration.

In the above experiment, the evaluation set utilizes the
worst instances, which are, in general, out of the test 
pass/fail thresholds, resulting in a fail during production
test. However, using the calibration process these
instances can be operated in the pass-region. As a result,
the circuit with an S-BIST scheme can increase
production yield due to this added value, despite the
additional circuitry and area-overhead.

Table 2. Best & worst corners of specification

values before and after calibration for process

variations.

Spec.
[dB]

Original spec 
range: A 

Spec range 
after

calibration: B 

R atio: R  
(B/A)

S11 (-42.5, -16.5 ) (-31.3, -17.5) 0.5288

S21 (10.5, 13.2) (12.2, 12.7) 0.1722

S22 (-27.5, -15.5) (-25.9, -15.6) 0.8574

NF (1.78, 2.75) (1.87, 2.39) 0.5349

C1dB
(-15.19, -

11.96)
(-14.8, -13.8) 0.3168

6. Conclusions 

In this paper, a self-calibration technique (S-BIST) is
described to address large  performance variability due to
temperature and process variations. RF built-in alternate
test techniques are utilized to extract the specification
values in the presence of temperature and process
deviations. After this diagnosis, self-calibration is
performed by adjusting circuit bias parameters. The
proposed scheme is demonstrated on a 2.4GHz LNA, by
adjusting the bias current to maximally compensate for
performance deviations. Based on the simulation results,
the proposed self calibration scheme can significantly
reduce process variation effects, resulting in enhanced
circuit yield and better reliability in the presence of
temperature deviations. In on-going research, the
proposed self-calibration technique is being applied to RF
receiver systems.
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