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Abstract

We present an automatic test development methodology
for FM transceivers based on frequency-domain signature
analysis and delayed-RF set up. We develop two distinct
pass/fail criteria based on eigensignatures and envelope
signatures and a test generation algorithm that aims at min-
imizing the required delay while attaining full coverage of
target faults. We develop a fault injection and simulation
platform for a VCO-modulation, low-IF transceiver archi-
tecture using MATLAB and behavioral models including
non-ideal response. The proposed methodology enables the
automation of the test generation process, thus reduces the
test development time. Experimental results have shown a
90% reduction in the required delay thereby reducing the
cost of this test hardware item.

1. Introduction

Increased proliferation of radiofrequency (RF) systems
into the electronics market drives the semiconductor indus-
try to search for cost-effective solutions for RF manufac-
turing. While RF design techniques and process technol-
ogy have improved considerably, increasing cost-efficiency,
the so-called back-end issues of testing and packaging have
become an increasing percentage of the overall cost. High
steady costs of test equipment [16, 17, 4], long test devel-
opment and application times [5], and the increasing cost of
RF packages [15, 20] compared to the decreasing cost of sil-
icon all contribute to this trend. As an example, even with
outsourcing production testing to distant locations where
tester operation is more cost-efficient, the cost of a single
second on a $3 million RF tester still comes to around a
dime [16, 4]. As such trend is economically unsustainable,
radically new approaches are needed for the testing of RF
systems, both after packaging and at the wafer level.

Traditionally, RF systems have been tested through mea-
surement of their performance parameters, such as path

gain, noise figure, and third order input intercept, which are
specified under certain environmental conditions. Such test-
ing requires not only specific, high calibre test equipment,
but also unacceptably long test times. In most cases, gen-
eration of modulated signals to duplicate the operation en-
vironment creates a need for application-specific pieces of
test equipment, exacerbating cost [7, 8].

To attack the problem of ever increasing RF testing and
packaging costs, several research venues, such as devel-
opment of lower cost RF test equipment [21], develop-
ment of test methods that lower reliance on high-cost and
specialized test equipment [4, 3], development of design-
for-testability methods and incorporating RF testing at the
wafer level [15], and automatic test development [5], have
been investigated.

In order to reduce the test development time for RF re-
ceivers, the authors propose an automated scheme in [5].
The test signal is specified as a multi-tone sinewave. The
test attributes in terms of the frequency and the power of
the tones are determined through a search-based algorithm
so as to compute the gain and the third order intercept with
minimum error. In [21], an RF signal source based on an all-
digital PLL bank is presented. The source is capable of gen-
erating single-tone, multi-tone, and modulated RF wave-
forms making it useful for reducing the cost of RF receiver
testing where the test input is at the high frequency domain
and the output response is in the low frequency domain.

In [4, 3], the authors propose to push most of RF tester
functionality onto the tester boards, thereby generating a
specialized RF test equipment out of an ordinary mixed-
signal tester. As it is much easier to re-design the test board
as opposed to buying a new generation RF tester with each
product cycle, this approach is promising in reducing the re-
liance on high-calibre test equipment.

Development of design-for-testability (DFT) approaches
has not been attracted much attention for RF circuits due
to concerns about the silicon estate, additional pin require-
ments, and most importantly, performance degradation [4].
RF paths are extremely sensitive to loading and noise injec-
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tion thereby making any modifications to the RF path ut-
terly undesirable. However, most transceivers today include
a vast amount of digital control to enable channel search-
ing, frequency hopping, and gain control, creating an excel-
lent opportunity for improving testability without modify-
ing the RF path. In [15], an RF test platform based on injec-
tion of a delay into the loop-back connection with an asso-
ciated all-digital DFT approach has been introduced to en-
able low-cost wafer level testing for frequency modulation
(FM) transceivers. The amount of the required delay to en-
able the measurement of several performance parameters is
computed and this method has been shown to detect catas-
trophic faults in the RF path.

In [15], the optimum delay is determined to enable a set
of performance measurements. In a production test environ-
ment however it is essential to decide on the acceptability of
the die in the shortest period of time using the least costly
test hardware. In this regard, direct measurement of the per-
formance parameters may not be necessary as long as the
testing scheme ensures identification of dies that do not sat-
isfy performance requirements.

In this paper, we present an automated test development
methodology based on frequency domain signature analy-
sis and the delayed-RF set-up [15] to enable cost-efficient
go/no-go production testing of FM RF transceivers. Instead
of directly measuring the performance parameters, we use
signature-based pass/fail criteria to achieve efficiency both
in terms of test resources and test development time. The
parameters of the test set-up, the injected delay, the off-
set between the transmit-0 and transmit-1 frequencies, and
the bit pattern are determined so as to detect both hard
and soft faults in the RF path. Nonidealities, such as non-
linearity, noise, and parametric variations are incorporated
through injection of gausian noise sources, high-level be-
havioral modeling, and Monte-Carlo analysis.

2. Background: Delayed-RF set-up and the
associated DfT architecture

Loop-back configurations have been used extensively in
mixed-signal circuits which contain signal paths that per-
form complementary operations. In theory, the upconver-
sion and the downconversion pair in transceivers serves as
a good candidate for a loop-back connection. However, in
practice, the time domain duplexing nature of the receive
(RX) and the transmit (TX) operations enables many de-
sign optimizations, which in turn make the TX-RX loop-
back connection infeasible [17]. Typically, the frequency
synthesizer is shared between the receiver and the transmit-
ter resulting in a frequency incompatibility when interme-
diate frequencies (IF) are used [19]. As a further optimiza-
tion in FM transceivers, the transmit signal is directly im-
posed on the VCO output, distorting the LO port of the re-
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Figure 1. Delayed-RF Set-up

ceive mixer [22, 6]. In order to overcome these problems
while preserving the advantages of the loop-back configu-
ration, a test set-up based on delay injection into the TX-RX
connection and an associated DFT method have been pre-
sented in [15]. In this section, we provide an overview of
this set-up.

In a frequency shift keying architecture, the frequency
of the transmitted signal is varied with respect to the in-
put data. The FSK signal at the transmitter output is given
by [19]:

������� � ����������

�
���� � 	����

where ���� is the digital base-band signal, �� is the trans-
mitter VCO frequency, 	��� is the transfer function of the
transmit filter, and � is the voltage to frequency conver-
sion gain.

For VCO modulating architectures, connecting the trans-
mitter directly to the receiver results in self-mixing of the
signal, thus a pure DC output. One can argue that even
this combination may provide a valid path-checking mecha-
nism by measuring the output DC signal. However, DC off-
sets generated in the path, or any DC coupling after the re-
ceive mixer make the application of such testing impossi-
ble. While direct loop-back bears little hope for these fre-
quently used transceiver architectures, introducing a delay
into the loop-back path together with a simple change to the
all-digital control circuit of the synthesizer provide a mech-
anism to control the frequency of the output signal, thus
making measurements feasible, as shown in Figure 1. We
call this test set-up the delayed-RF set-up. The output sig-
nal of a delayed RF path, shown in Figure 1, is given by:

����� � 
�� ��������	��� � ���� ��� 	��� � �������

For the period of time when ��� � �� �� ����, the output
is sinusoidal with the frequency���
. Similarly for the pe-
riod of time when ��� � �� � ����, the output is a DC sig-
nal. Thus, application of an alternating bit pattern results in
a time-varying signal which can be differentiated from DC
offsets in the path.

The DFT method proposed in [15] also enables control-
ling of the transmit-1 to transmit-0 frequency offset by con-
trolling the fractional component of the fractional-N divider
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Figure 2. All-digital DFT architecture to control
the output signal frequency

in the test mode. The divide ratio in the PLL path is ei-
ther � or � � � depending on the carry that is generated
by the overflow of an accumulator. At each cycle, the accu-
mulator adds a number � to the value stored at the previ-
ous cycle. The average divide ratio depends on how large
� is compared to the accumulator’s maximum, ��. During
one transmit period, the number � is composed of a con-
stant, � , and the digital input data, ����, resulting in an av-
erage PLL divide ratio of� � �� � ��������. The constant
� is used to set the carrier frequency and can be changed
only from one transmit period to another in the normal op-
eration mode. Therefore, in the delayed-RF mode, the fre-
quency of the VCO and receive output are:

�� � �	
� � �
� � ����

��
� �	


�� � �	
� � �
����� ���� ��

��
� � �	
� � �

�

��
�

As a DFT modification, the number � is changed dur-
ing the transmit period along with the bit pattern in order to
provide a mechanism to control the output frequency. Im-
plementing this capability requires two multiplexers at the
input of carrier frequency and two registers to hold the de-
sired values, as shown in Figure 2. As a result, the receive
output frequency, ��, can be controlled by setting �� and
��:

�� � �	
� ��
� ��� � ����

��
� �	
 �� � �	
� ��

�� � �� � �

��
�

3. Signature Analysis

In [15], the minimum required delay to enable di-
rect measurement of performance parameters is deter-
mined. The minimum delay is the period of the out-
put sine wave or the input bit pattern, whichever is larger.
We call this delay the full swing delay. In some cases,
the full swing delay may be too large, making the hard-
ware implementation of the delay component nontrivial
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or costly. In order to obviate this burden, shorter de-
lays can be used with the help of signature analysis.

When the injected time delay is less than the full swing
delay, the output signal is not a pure sinusoidal. Instead, a
time-duplexed combination of a sinusoidal and a DC wave-
form can be observed at the output, as shown in Figure 3.
While this output signal does not enable direct measurement
of performance parameters, it can be used to deduce the op-
erational health of the device by comparing it to an expected
signature.

The signature that is extracted from the good circuit
should not only depict the ideal behavior, but also must in-
corporate all non-ideal effects expected in an RF circuit,
such as noise, non-linearity, offsets, and parametric varia-
tions. As a result, the fault-free circuit yields multiple look-
alike signatures. The pass/fail criteria based on these multi-
ple acceptable signatures must ensure minimal rate of false
alarms while the test development method must ensure de-
tection of target all faults.

Both time domain and frequency domain representations
of the output signal can serve as a valid signature for test-
ing. However, the compactness of frequency domain signa-
tures and their robustness to infrequent data failures such
as an isolated measurement error at a particular time point,
make them a better candidate to obtain low false alarm rates
and a high fault coverage.

Using the frequency domain representation, the infor-
mation about multiple acceptable signatures can be merged
in two ways. As all the acceptable signatures have similar
shapes (i.e., basic signal components in the frequency spec-
trum), they can be combined into an eigensignature, which
can be viewed as a collective average. Eigensignatures have
been used extensively in face recognition [9, 23], and in
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IDDQ testing [13] where the information content resides
in the shape of the signature rather than the absolute val-
ues of the datapoints. Using the eigensignature, the pass/fail
criterion can be defined based on its correlation with the
measured output. As the correlation measure is sensitive to
changes in the shape of the signature, it is highly effective
for detecting hard faults as well as deviations in noise fig-
ure and DC offsets.

Another way of analyzing multiple acceptable signatures
is to use an envelope signature, which contains the upper
and lower limit of acceptable regions. The pass/fail criterion
then is based on the violations of this envelope. This type of
signature is highly effective for detecting faults that do not
particularly change the overall shape of the frequency do-
main response, but manifest as strong disturbances at par-
ticular frequency locations. For example, the effectiveness
of frequency domain envelope signatures in detecting faults
that cause harmonic distortion has been demonstrated in
[14]. As a result, envelope signatures can be used in detect-
ing parametric faults in gain, offsets, and third order input
intercept, all of which cause large single-point deviations in
the signature.

In the proposed method, we combine the detection tech-
niques based on both eigensignatures and envelope signa-
tures. Therefore, for a circuit to be classified as fault-free, it
needs to satisfy both pass criteria based on correlation with
the eigensignature and violation of the envelope signature.

3.1. Pass/fail criterion based on eigensigna-
ture correlation

Each acceptable signature is highly correlated to the
eigensignature as it is derived as a collective average. How-
ever, due to random disturbances such as noise, the corre-
lation of each signature displays a certain deviation from
the perfect correlation value of 1. The correlation between
the eigensignature and a particular signature is calculated as
follows:

��


����
 � ����
 ����
�
��


����
 � ��
�� � �

��

����
 ���

��

where � is one individual signature of the fault-free or
faulty circuit, � is its average, � is the eigensignature of
the fault-free circuit, � is its average, and � is the num-
ber of datapoints in the frequency response.

In order to reduce the rate of false alarms, a certain devi-
ation from the ideal correlation value needs to be allowed.
Thus, a threshold for alarming a fault based on eigensigna-
ture correlation needs to be determined. In statistical analy-
sis, confidence intervals together with a confidence level is
used to determine whether a given component is acceptable
[2, 11]. In the case of eigensignature correlation, the upper-

bound of the correlation is 1. The lower bound of the confi-
dence interval can then be determined with respect to the de-
sired confidence level. As an example, a confidence level of
0.99 indicates that 99% of the fault-free chips will be classi-
fied as such. Typically in the analog domain, the �� cut-off
point corresponds to a 0.99 confidence level.

3.2. Pass/fail criterion based on envelope violation

Defining a pass/fail criterion based on envelope viola-
tions is trickier due to multiple datapoints and the impor-
tance of the amount of violation. Similar to the eigensigna-
ture case, we define the envelope signature with respect to
a desired confidence level. However, one cannot process
each datapoint in the frequency spectrum independently
since distinct signatures may violate the envelope at dis-
tinct points, resulting in a lower confidence level than tar-
geted. Thus, we determine the envelope in an iterative fash-
ion. We start from the eigensignature and the minimum
and maximum bounds as determined by the signature sam-
ples. Then, we move the bounds of the envelope signa-
ture towards the eigensignature such that the desired con-
fidence level is reached with minimum distance from the
eigensignature.

Once the envelope signature is determined, outliers vio-
late this envelope with a certain energy. In order to reduce
the false alarm rate, we define a pass/fail criterion based on
the overall energy of violation with respect to the funda-
mental signal energy. The fundamental signal energy is de-
fined as the peak signal energy in the upperbound of the
envelope signature at frequencies other than DC. This vio-
lation percentage does not directly correspond to the viola-
tion energy. However, it takes into account both the number
and the strength of the violations. Thus, the violation per-
centage is calculated as follows:

���


���������� ����� ��
� �������� ����� ��

��

��������

where �� is the signature of the faulty circuit,��� is the up-
perbound of the envelope signature, � �� is the lowerbound
of the envelope signature, and� is the number of datapoints
in the frequency spectrum.

In this study, we classify a chip as defective if the col-
lective energy of envelope violations exceeds -17dB (2%)
with respect to the peak signal energy. This threshold adds
an additional margin over the already determined upper
and lower bounds of the envelope, thus favoring yield con-
servatism over detecting soft faults. For tight performance
specifications, lower thresholds can be used.

Paper 28.1

786



pass-band
For testing hard faults, gain, 

IIP3 and noise figure

transition regions
for testing filtering 

characteristics

min acceptable fc

max acceptable fc

Frequency

Gain

Figure 4. Transfer function of the channel filter
and the test regions for hard and soft faults

4. Test development methodology

The goal of the test development methodology is to de-
termine the parameters of the delayed-RF set-up with min-
imum delay and full coverage of target faults. Three vari-
ables define the delayed-RF set-up: the offset between the
transmit-0 and transmit-1 frequencies, the injected delay,
and the input bit pattern.

The offset between the transmit-0 and transmit-1 fre-
quencies determines the frequency of the sinusoidal wave-
form at the output of the ADC. The injected delay and the
bit pattern determine the time period within which this si-
nusoidal signal is observed. In the normal mode of opera-
tion, the transmit-0 to transmit-1 frequency offset is deter-
mined by system specifications. As an example, this off-
set is 333kHz for the Bluetooth standard [12]. However, the
DFT method presented in [15] enables controlling this fre-
quency offset, providing more flexibility in setting the test
parameters.

The parameters of the delayed-RF set-up are interrelated;
our goal is to determine the set of parameters that enables
detection of all target faults with minimum hardware. The
cost of the required test hardware, i.e. the delay compo-
nent, increases linearly with increased delay [10]. More-
over, each distinct delay requires a distinct piece of hard-
ware whereas changing the frequency offset or the bit pat-
tern can be achieved through the digital input. Thus, it is de-
sirable to determine a single delay value for the duration of
the test application, while the frequency offset or the bit pat-
tern can be changed during test application.

4.1. Relation among the frequency offset (�� ), the
bit pattern (����), and the time delay (� )

As illustrated in Figure 3, the expected signature con-
sists of a DC component and a sinusoidal waveform with
frequency 
� . The sinusoidal component is observed dur-
ing a period when ���� �� ��� � ��. The full swing of this
sine wave can be observed uninterruptedly if the bit pat-

tern never overlaps with its delayed version and the time de-
lay can cover at least one full cycle of the sinusoidal wave-
form. However, as satisfying all of these conditions may re-
sult in high required delays, we would like to determine a
shorter delay that yields a viable signature.

While there is no tight relation among the test variables,
there exist bounds within which the optimal point can be
searched. Figure 4 shows the test frequency requirements
for various target faults. As the sine wave needs to be ob-
served at the output of the ADC, its frequency needs to be
within the pass-band of the channel filter for coverage of
performance parameters, such as gain, ����, and noise fig-
ure. In order to test the filtering characteristics however, the
frequency needs to be set around the dominant poles of the
channel filter. Due to these conflicting requirements, there is
a need to determine at least three sets of test parameters, one
in the pass-band of the channel filter and two in the transi-
tions regions, as shown in Figure 4. These requirements de-
fine a certain range to search for the frequency offset (
� )
in each case.

For a given 
� , the full swing delay constitutes an up-
perbound on the search as there is no incentive to increase
the delay beyond this point. As illustrated in Figure 5,
smaller delays result in lower peak signal energy. Finally,
for very short delays the signature is lost into the noise floor
and cannot be distinguished from noise. While some degra-
dation in the SNR can be allowed, the peak signal energy
needs to be above the noise level by a certain margin for
a viable signature. The degradation in the peak signal en-
ergy is mainly due to the inability to observe the waveform
continuously. Thus, the minimum time period within which
the sine wave needs to be observed can be determined us-
ing the desired noise margin:

������� � ����
� � �� � ������ �
��
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where ������� is the peak signal-to-noise ratio with the
full swing delay, ����
� is the minimum required peak
signal-to-noise ratio, and � � is the time period where the
sine wave is observed. Assuming that the bit rate is lower
than 
� , � � can be replaced with � in the above inequal-
ity and the bit pattern is simply set to (1010...). Figure 5
also shows the signature attained with this minimum delay.
In this example, the peak signal-to-noise ratio is 25dB, and
a 12dB of minimum SNR is required, resulting in a degrada-
tion margin of 13dB. Thus, the minimum delay is 20 times
shorter than the full-swing delay. Clearly, this signature rep-
resents a highly distorted waveform, which will not be ef-
fective in detecting some soft faults, such as errors in ����.
As a result, rather than directly resorting to the minimum
delay, we use this value as a lowerbound in our search for
the optimum test set-up that enables coverage of all target
faults.

4.2. Test development algorithm

In the proposed test generation methodology, two vari-
ables constitute the search space: the injected delay and the
frequency offset. The bit pattern needs to be adjusted such
that it never coincides with its delayed version for the dura-
tion of the delay.

The boundaries of this two-dimensional search space are
determined as explained in Section 4.1. The search vari-
ables, 
� and � , both impact the quality of the signature,
thus the detectability of the faults. However, the impact of
� on the peak SNR of the signature is much more domi-
nant than the impact of 
� (A 10% change in � within the
search space changes the peak signal energy roughly 10%,
while a similar change in 
� has roughly 1% effect). More-
over since the amount of delay directly impacts the cost of
the delay component (coaxial cable or LC tank as used in
phase noise measurements [10]), we prioritize reducing the
delay over increasing the frequency. We use a nested bi-
nary search with the 
� search in the outer loop and the �
search in the inner loop.

Performance parameters that are related to processing of
the signal within the pass-band, such as gain, ����, and
noise figure, as well as the hard faults need to be tested
within the pass-band of the channel filter. Parameters re-
lated to the filtering characteristics, such as the cut-off fre-
quency or the attenuation at certain offsets, need to be tested
within the transition regions of the filter. Thus, two or three
distinct test set-ups are required depending on whether a
low-pass or a band-pass filter is used for channel selection.
However, since it is desirable to use a single delay compo-
nent, the searches within the distinct frequency regions are
interrelated. In the test development algorithm, we deter-
mine a universal delay to be used with all frequency settings
through sequential binary searches within the distinct fre-

List(1) = � ������� �
List(2) = � �, ����, �� , � Hard Faults� �
List(3) = � ������� �
���� � ��� � ������������ � ��� ������������
���� � ��� � ����������� � ��� ������������
���� � ��� � ����������� � ��� �������������
��
� � calculate ������ � ������������ �
Loop1: For List(1):List(3)

set(���� ���)
Loop 2: Binary search �

calculate ���
Loop 3: ��
���	�
� = Binary search �

��
� = max(��
�, ��
���	�
� )
��� � ��
�

Figure 6. Search algorithm to determine the test
parameters

quency regions. In order to decrease the computation time,
the minimum delay determined in one search is used as the
lower bound in the next search if it is higher than the calcu-
lated lower bound. Moreover, we start the search from the
lowest frequency region, where the signal period is higher
thus lower bound of the delay search is higher.

Figure 6 illustrates the test development algorithm. First
we determine the upper and lower bounds of the frequency
region. The bounds are set from either end of the stop-band
region (�������� , �������� ) and divided into two transition
regions and one pass-band region ([�� � ����������� � �� �
�����������]). The tolerances on cut-off frequencies and
stop-band offset are taken into account and frequency re-
gions with uncertainty are excluded from the search. With
a given frequency, the upper and lower bounds on the de-
lay search can be determined as explained in Section 4.1. If
the computed lower-bound is lower than the previously de-
termined minimum delay, we take the minimum delay as
the lower bound to reduce search time. Target faults are in-
jected into the circuit and fault simulations are conducted
taking noise, non-linearity and parametric variations into
account. The fault injection and simulation platform is ex-
plained in detail in the next section. The complexity of the
algorithm depends on the range of the search space and
the desired granularity. Assuming that there are �� data-
points in the delay search space and �� data points in the
frequency search space, the complexity of the algorithm is
of  ������� � � ������ �� �  ����� where  ����� is the
time complexity of fault simulations. With efficient and ac-
curate behavioral simulation methods [18], the time com-
plexity of fault simulations can be reduced considerably.
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5. Experimental results

In this section, we present the test development and fault
simulation results on an FM transceiver circuit (Figure 1)
and the associated DFT circuit (Figure 2) that are imple-
mented using a MATLAB platform and behavioral models.
The system employs a direct conversion transmitter and a
low-IF receiver with a band-pass channel filter. The transmit
frequency is located around 2.4GHz, and the IF frequency
is at 5MHz, with a 2MHz channel bandwidth. The bit rate is
at 250kHz. The complete receive path has a minimum sen-
sitivity of -20dBm and a maximum signal input of 20dBm,
resulting in a dynamic range of 40dB.

5.1. MATLAB simulation and fault injection plat-
form

The transmitter is implemented based on the fractional-N
PLL architecture shown in Figure 7 [1]. The direct upcon-
version of the input bit pattern is achieved through chang-
ing the fractional component of the divide ratio as in the
closed-loop VCO modulation architectures [6, 22]. The
DFT method [15] is implemented through controlling the
base value of the fractional-divide value with respect to the
bit pattern.

While this platform enables simulation of the ideal be-
havior of the transmitter, it does not take non-ideal response
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Figure 8. Modified transceiver architecture for
fault injection and simulation
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Figure 9. MATLAB noise injection module

into account. Thus, the effects of the non-ideal response
need to be injected at the corresponding points of the cir-
cuit. Noise injection into each intermediate point of the cir-
cuit is achieved through using random signal generators and
adders in MATLAB. DC offsets are injected through adding
a constant to the signal, while saturation is modeled through
adding a simple limiter to each module.

Figure 8 shows the complete transceiver architecture in-
cluding the low-IF receiver. The non-linear behavior of the
receive path is modeled at the mixer by adding a third or-
der term such that:

!�����

� �� � !
��� � !
��� ��� � !

�


���
� !
���

Hard faults in terms of opens are injected by breaking a cer-
tain connection and replacing it with a noise source to em-
ulate a real broken wire, as shown in Figure 9. The noise
injection module also serves as a noise source while sim-
ulating the fault-free behavior. Short circuits are injected
by simply connecting two points of the circuit. Soft faults
are injected by varying the corresponding parameters of
the modules. Each fault injection also requires a new set
of Monte-Carlo simulations. In order to reduce the over-
all computation time, we use a two step approach: We first
conduct a coarse Monte-Carlo analysis with limited number
of sampling points. If signature of the faulty circuit differs
from the signature of the fault-free circuit by a large margin,
we declare the fault as detected. However, if the distinction
is marginal, we conduct further simulations in order to ob-
tain statistically meaningful data. We declare a fault as de-
tected if at least 99% of its signatures fail one of the pass/fail
criteria described in Section 3.

5.2. Signature extraction

During the search process, Monte-Carlo simulations are
conducted for a given set of � , 
� , and ���� to extract the
envelope and eigen-signatures. Figure 10 shows the two sig-
natures for the good circuit with ���� � ������"""�, 
� �
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Figure 10. Envelope and eigensignatures ex-
tracted from the good circuit with � � ����� and
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�"��#$, and � � �"�%�, which corresponds to the full-
swing delay. The eigensignature is then correlated to each
individual fault-free signature to determine the threshold for
the pass/fail condition so as to achieve a confidence level of
99% (i.e. 99% of the fault-free eigensignatures are classified
as fault-free). The envelope signature is constucted to en-
sure that at least 99% of fault-free signatures fall within the
envelope. The threshold for alarming a fault due to envelope
violations is determined with respect to the peak signal en-
ergy in the upperbound of the envelope signature. With the
above test parameters, the peak signal energy is at 13dBm,
thus the threshold for a fault alarm is set to -4dBm, corre-
sponding to 2% of the peak signal energy.

In order to enable an evaluation of the test development
algorithm in determining the optimal test parameters, we
also define a measure called fault detectability. Fault de-
tectability refers to the margin of differentiating the fault
response from the good circuit response. In eigensignature
analysis, fault detectability is the difference between the de-
termined threshold and the faulty eigensignature correla-
tion. In envelope analysis, the detectability is the difference
between the envelope violation energy of the fault response
from the set threshold of 2%. In either case, the overall de-
tectability is defied as the minimum of individual fault de-
tectabilities. While we do not use this metric in the test de-
velopment, we use it to confirm that the variation in fault de-
tectability with respect to the injected delay is monotonic.

5.3. Fault injection and simulations

In order to confirm the detection capability of the
delayed-RF set-up and the signature analysis, various hard
and soft faults (given in Table 1) are injected into the cir-

Fault Description
HF1 Up charge pump connection
HF2 Down charge pump connection
HF3 LPF-VCO connection (Synthesizer)
HF4 Receive LO-Mixer connection
HF5 Input Amp-Mixer connection
NF Noise Figure degraded by 5dB

Offset 50mV DC offset
Gain 3% error
���� 2dB error
�����
	 5% error
�����
	 5% error

Table 1. Definitions of hard and soft faults used
in simulations

cuit with the full-swing delay, as it corresponds to the
optimal detection point.

Table 2 shows the fault simulation results for various tar-
get faults to be detected within the pass-band region, with a
delay value of �"�%� and the frequency offset of �"��#$.
The results indicate that using the full delay, all target faults
can be detected. Moreover, the detectability of each fault is
at least 2%. Our goal is to exploit this margin to reduce the
time delay while still attaining full coverage.

5.4. Test generation

It is evident from Figure 10 that the injected delay can
be reduced by allowing a degradation in the peak SNR. Re-
quiring a minimum signal observability of 10dB, there is a
15dB margin for SNR degradation. Assuming that all degra-

Circuit Eigensignature Envelope Thres. P/F
Correlation Violation

Good 0.99 0% & �"�� P
HF1 -0.04 89% & �"�� F
HF2 0.33 89% & �"�� F
HF3 -0.04 93% & �"�� F
HF4 0.39 89% & �"�� F
HF5 -0.07 89% & �"�� F
NF 0.97 0.5% & �"�� F

Offset 0.99 7% ' �% F
Gain 0.99 13% ' �% F
���� 0.99 9% ' �% F

Table 2. Fault simulation results for target faults
to be tested within the pass-band
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Parameter Pass Lower Upper
Band Transition Transition

� �"��%�
���� 101010...

� 3.2MHz 1MHz 11MHz

Table 3. Test parameters determined through the
search algorithm

dation stems from the inability to observe the full sine wave,
the delay can be set to ����. However, fault simulations at
� � ���� and various values of 
� indicate that partic-
ularly soft faults in ���� and gain become undetectable.
Thus, there is a need to search for the optimal test parame-
ters.

The search for optimal test parameters within the pass-
band and the two transitions regions is conducted in two
ways: First, we determine the minimum time delay, the bit
pattern and the transmit-0 to transmit-1 frequency offset
through the binary search algorithm described in Section
4.2. In order confirm that we indeed can obtain the optimal
test parameters, we divide the search space into 30 identi-
cal steps for time delay, and 5 identical steps for the fre-
quency and conduct fault simulations for each combination.
Our results indicate that binary search is just as effective in
finding the optimal time delay and the frequency offset. The
success of the binary search algorithm stems from the fact
that the overall fault detectability decreases monotonically
with the injected time delay, even though the detectability of
individual faults fluctuate by small amounts. The effect of
search on frequency has been less clear, as there has been
only a small correlation with the exact frequency location
and fault detectability as long as the correct frequency re-
gion is ensured. Thus, it is beneficial to keep the termina-
tion factor for the frequency search much coarser to reduce
the overall search time.

Table 3 shows the test parameters that are determined
through the proposed test algorithm and confirmed through
exhaustive search. Using the proposed method, a tenfold de-
crease in the required time delay is achieved while conserv-
ing full fault coverage. Fault simulation results for all the
target faults are given in Table 4. Hard faults have the high-
est fault detectability margin as most hard faults result in
complete malfunction of the device. Of the soft faults, ����

errors have the smallest detectability margin since the third
order harmonic has no direct in-band influence for pure si-
nusoidal waveforms. Despite the inability to directly mea-
sure the ���� parameter with this set-up, faults in ����
are still detectable using the proposed methodology. The at-
tained detectability stems from the fact that the output signal
has additional components due to either phase reversal or

Fault Criterion Thresh. Response P/F
HF1 Eigensig & �"�� 0.14 F
HF2 Eigensig & �"�� -0.07 F
HF3 Eigensig & �"�� 0.01 F
HF4 Eigensig & �"�� 0.01 F
HF5 Eigensig & �"�� 0.19 F
NF Eigensig & �"�� 0.68 F

Offset Env. ' �� 23% F
���� Env. ' �� 3% F
Gain Env. ' �� 9% F
������� Env. ' �� 30% F
������� Env. ' �� 27% F

Table 4. Detectability of target faults with the de-
termined test parameters

insufficient time delay, effectively generating a multi-tone
signal. The low detectability of ���� is mainly due to the
small power of the third order response.

The complete test development algorithm includ-
ing the Monte-Carlo simulations takes roughly 15 hours
on a 2.4GHz PC running MATLAB. For coarse Monte-
Carlo analysis, we use 50 datapoints whereas for detailed
Monte-Carlo analysis, we use 500 datapoints. As the ex-
perimental circuit contains the complete transceiver,
scalability in terms of the number of modules and sin-
gle simulation time is not an issue. The algorithm has
roughly linear time complexity in the number of faults sim-
ulated. Hard fault simulations typically consume less
computational time as coarse Monte-Carlo analysis is suffi-
cient to determine their detectability.

6. Conclusion

We have presented a signature-based automatic test de-
velopment methodology for FM transceivers using the
delayed-RF set-up. In order to enable automatic develop-
ment, we define two kinds of frequency domain signatures
and associated pass/fail criteria: eigensignatures and en-
velope signatures, which are sensitive to various types
of hard and soft faults. Based on this signature analy-
sis, we develop a test generation algorithm that aims at
reducing the cost of the external test equipment by deter-
mining the optimal test parameters that provide full cov-
erage of target faults. Even though the proposoed method
does not enable direct measurement of performance pa-
rameters, such as gain or third order input intercept, it pro-
vides a fast go/no-go decision on the operational health of
the transceiver.

In order to demonstrate the proposed methodology, we
use a VCO-modulation, low-IF transceiver architecture. We
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have developed a fault injection and simulation platform in
MATLAB, where non-ideal behavior such as noise, non-
linearity, and parametric variations are incorporated through
either dedicated modules, or through modifying the parame-
ters of existing modules. Experimental results show that the
proposed methodology not only provides a fast test devel-
opment venue, but also enables reducing the required time
delay by tenfold, thereby reducing the cost of external test
equipment.
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