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TABLE III 
SIMULATION VARIABLES FOR IP3 MEASUREMENT 

Variables Min. Max. Step 

f1 48.83 kHz 25 MHz 48.83kHz 
f2- f1 42.72 kHz 42.72 kHz 0 
∆Psim 44 dB 62 dB 6 dB 

At each frequency setup, different ∆Psim were simulated and 
the SSA-based ORA used the first CGIMP to capture the 
measurement results. The maximum measurement errors 
│∆Pmsr-∆Psim│ of each frequency were selected and plotted in 
Fig. 17. Since this comprehensive simulation was done with a 
constant ∆f and ∆f has a ‘1’ in its binary representation closer 
to LSB than f1, the CGIMP is determined by ∆f and thus the 
simulation over the frequency range has the same test time. 
This means the same frequency resolution for all simulated 
frequencies. Therefore, it is not surprising to see that the 
accuracy until up to 25MHz ( ) is well below 0.2dB. IP3 
measurement only needs to perform spectrum analysis at two 
frequencies. Therefore, the test time increase caused by the 
CGIMP accumulation is easily compensated by the accuracy. 

 
Fig. 17.  Accuracy of ∆P vs. frequency in IP3 measurement. 

Similar to (16), the CGIMP test time would be  as well 
if we pick the larger of  and  as . Since 
the IP3 measurement needs to be done at two frequencies, the 
required test time will be given as 

 . (19) 
From (19), we can see the test time increases exponentially 

as Neff increases. Therefore, when test time becomes the 
bottleneck of a whole system, the frequency words of f1 and f2 
should be chosen to achieve a smaller Neff for shorter test time. 

D. Noise and Spur Measurement in SSA-based ORA 
In noise and spur measurement, the DUT is simulated with a 

1-tone input signal and the ORA performs a sweep-type 
spectrum analysis at output. However, it has issues similar to 
IP3 measurement. First, the spectrum analysis is done at a 
frequency different from the frequency where the strongest 
tone is located. Second, the spectrum at the frequencies of 
interest is much weaker than the strongest tone. Thus, the 
accumulation has to be stopped at CGIMPs of the analysis 
frequency and tone frequency to cancel off the AC calculation. 
Since the simulation setup is almost identical to the IP3 

measurement, no separate results are included in the paper. 
The required test time for these measurements is given by an 
equation similar to (19) 

 , (20) 
where S is the number of sample points in the measurement. 

E. Comparison between the SSA and FFT based ORAs 
The SSA-based ORA was modeled with a parameterized 

number of input bits (N, the number of multiplier bits) and 
number of output bits (M, the number of accumulator bits) to 
support the requirement for test signals with varied bit-width. 
The BIST circuitry is synthesized in a Xilinx Spartan-3 FPGA. 
Table IV summarizes the number of slices and look-up tables 
(LUTs), which are listed in left and right columns respectively, 
required for implementing a MAC as a function of N and M. 
When N is fixed, a linear relationship between the resource 
usage and M can be observed, the accumulator requires exactly 
one slice for every two bits of the accumulator. When 
increasing N, however, the complexity of a multiplier increases 
faster than an accumulator, as seen in Table IV. The 
implementation for our specific application is indicated by the 
shaded entries. 

TABLE IV 
NUMBER OF SLICES/LUTS VS. MAC CONFIGURATIONS 
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28 74 139 129 244 - - 
32 76 143 131 248 204 387 
36 78 147 133 252 206 391 
40 80 151 135 256 208 395 
44 82 155 137 260 210 399 

We considered three 256-point FFT implementations with 
16-bit input in Xilinx Virtex-II FPGAs [17] for comparison 
since Spartan-3 and Virtex-II have identically sized slices, 
LUTs and multipliers. The resource usage and performance of 
these implementations are summarized in Table V. Consider 
the fastest pipelined FFT implementation as an example where 
almost seven times more slices and twelve 18×18-bit 
multipliers are required than in Table IV where no multipliers 
were used. Using two existing 18×18-bit multipliers in 
Spartan-3 in the SSA-based ORA, the number of slices needed 
for the two accumulators is equal to M. As a result, the largest 
configuration in Tables IV would require two multipliers and 
only 44 slices. 

TABLE V 
RESOURCE USAGE OF 256-POINT FFT IMPLEMENTATIONS ON VIRTEX-II  FPGAS 

Type # of slices 
# of 18×18-bit 

multipliers Clock Freq. 

Pipelined 2633 12 641 kHz 
Burst I/O 2743 9 313 kHz 

Minimum Resources 1412 3 133 kHz 

From such a comparison, we conclude that the SSA-based 
ORA is much simpler and cheaper, and can also achieve some 
flexibility that the FFT-based approach cannot provide. For 
example, the maximum number of the points that an FFT 
processor can compute is fixed, such that it is difficult, to 
adjust the frequency resolution when using an FFT-based 
ORA. Instead, the frequency resolution can easily be tuned 
with the step size of the sweeping frequency in SSA-based 
ORA and number of samples used for accumulation. In 
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addition, we are often only interested in a few frequency points 
or in a narrow bandwidth, which can be done easily using 
SSA-based ORA, while FFT-based ORA computes a large 
amount of information because FFT processes the whole 
frequency domain at one time. 

TABLE VI 
RESOURCE USAGE IN SPARTAN-3 FPGA IMPLEMENTATION 

 # of LUTs # flip-flops # of slices 

BIST 2,689 1,671 2,041 
SSA 796 455 569 

F. Implementation Results in FPGA and ASIC 
We implemented the complete BIST approach illustrated in 

Fig. 7 in a Xilinx Spartan-3 XC3S200 FPGA as well as in a 
130nm (8RF) CMOS ASIC. The BIST circuitry includes the 
FIMP and GIMP detectors as well as a test controller to 
initialize, enable, and disable ORA accumulation during the 
BIST sequence along with a serial peripheral interface (SPI) to 
initiate tests and retrieve measurement results. The BIST 
circuitry also includes three 32-bit NCOs (two for 1-tone and 
2-tone DDS, and one for reference tones for SSA), two 12-bit 
signed multipliers and 40-bit accumulators.  Finally, the BIST 
includes test controller and calculation circuit which complete 
on-chip measurement calculations based on DC1 and DC2 
accumulator values as well as the type of measurement being 
performed.  The FPGA implementation runs at a maximum 
clock frequency of over 100 MHz and is summarized in Table 
VI in terms of number of LUTs, flip-flops and slices for the 
complete BIST circuit as well as the SSA portion (which 
includes the reference NCO and the two MACs) of the BIST. 
The SSA portion accounts for less than 30% of the complete 
BIST circuit.  Note that the whole BIST circuit is smaller than 
two of the FFTs in Table V. 

TABLE VII 
RESOURCE USAGE IN ASIC IMPLEMENTATION 

 # of standard 
cells 

Synthesized 
Area (µm2) 

Measurement 
Power (mW) 

Idle Power 
(µW) 

BIST 10,064 162,113 160.28 235.73 
SSA 4,264 67,501 70.88 107.12 

The ASIC implementation is 195,700 µm2 and its layout 
diagram and die photo are included in Fig 18. The ASIC runs 
at a maximum clock frequency of 1.1 GHz. The ASIC 
implementation is summarized in Table VII in terms of 
number of standard cells, area, and power (both when 
performing measurements and when idle). In this case, the 
SSA portion accounts for just over 40% of the complete BIST 
circuit area. 

    
Fig. 18.  Die photo and layout diagram of the BIST ASIC. 

The FPGA and ASIC implementations of the BIST circuitry 
were used to measure linearity of a DUT in a mixed-signal 

system illustrated in Fig. 19. The complete system consists of a 
printed circuit board (PCB) with the ASIC (left) and a second 
PCB (right) which contains a 12-bit signed DAC, tunable low-
pass filter, tunable common-collector amplifier (for 
introducing non-linearity), an analog 2:1 multiplexor, and 12-
bit signed ADC. For FPGA measurements, the ASIC PCB was 
replaced with a Digilent Spartan-3 Starter Board. Linearity 
measurements for the FPGA and ASIC implementations are 
compared in Fig. 20 to the measurement results obtained with 
an Agilent E4446A spectrum analyzer. The FPGA and ASIC 
measurements closely agree indicating the measurement results 
are also reproducible. For ∆P measurements below 35, the 
BIST circuits agree closely with the spectrum analyzer 
measurements but diverge monotonically for ∆P above 35. 
This is due to the resolution of the DAC/ADC which is only 
about 8 bits of effective resolution in our experimental 
hardware in Fig. 19. 

 
Fig. 19.  Experimental mixed-signal BIST system. 
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Fig. 20.  Linearity measurement results. 

 
Fig. 21.  Signal to noise ratio measurement results. 
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The BIST circuitry was also used for SNR measurements 
and a representative result is illustrated in Fig. 21 where one 
can see the spectrum analyzer reading for signal to noise floor 
is 71.733dB while the BIST measurement is 72dB. It should 
be noted there are also some harmonics spurs in the spectrum, 
which were not sampled in our SNR measurement. However, 
by sampling these spurs, both THD and SINAD measurements 
can also be performed by the BIST circuitry.  

V. CONCLUSIONS 

We have presented a practical implementation of Selective 
Spectrum Analysis (SSA) which allows measurement of a 
single frequency at a time. Compared with FFT and analog 
spectrum analysis techniques, SSA offers unique advantages. 
First, SSA has better control of dynamic range and frequency 
sweeping. Second, SSA can be realized with much less 
hardware cost and power consumption. Third, SSA frequency 
resolution can be easily adjusted. Fourth, although the SSA is 
not able to calculate the whole spectrum at one time, usually 
only the spectrum at a few frequencies, such as IP3, is of 
interest in analog measurements. Thus the SSA uses its 
hardware more efficiently in a BIST environment.  

The IMP accumulation not only minimizes the potential 
calculation errors in SSA, but also helps to reduce test time 
and hardware overhead. However, the discrete nature of a 
digital signal prevents correctly capturing every exact IMP. 
Thus, we find that the IMPs captured by the proposed IMP 
circuits could be categorized based on how well they are suited 
for different analog measurements according to their 
advantages and limitations.  

The technique described in this paper was implemented in 
both FPGA and ASIC and verified in an experimental 
hardware environment. The theoretical derivation and 
simulation results as well as actual hardware implementation 
closely agree and prove the efficiency of the IMP circuits and 
accumulation in SSA-based ORA. 
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