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TABLE Ill
SIMULATION VARIABLES FORIP3MEASUREMENT
Variables Min. Max. Step
f1 48.83 kH: 25 MHz 48.83kH:
fo- 1 42.72 kHz 42.72 kHz 0
APsim 44 dB 62 dB 6 dB

measurement, no separate results are includedeirpdper.
The required test time for these measurementsvengiy an
equation similar to (19)

S x 2Ness, (20)
whereSis the number of sample points in the measurement.

At each frequency setup, differef®s, were simulated and E- Comparison between the SSA and FFT based ORAs

the SSA-based ORA used the first CGIMP to captine t

The SSA-based ORA was modeled with a parameterized

measurement results. The maximum measurement errpgnber of input bitsN, the number of multiplier bits) and
| APms-APsim| Of each frequency were selected and plotted iumber of output bitsM, the number of accumulator bits) to

Fig. 17. Since this comprehensive simulation wasedwith a

support the requirement for test signals with \éaté-width.

constantAf andAf has a ‘1’ in its binary representation closer? he BIST circuitry is synthesized in a Xilinx Spemt3 FPGA.

to LSB thanf;, the CGIMP is determined byf and thus the
simulation over the frequency range has the samietitee.
This means the same frequency resolution for atlukited
frequencies. Therefore, it is not surprising to skat the
accuracy until up to 25MHz%fclk) is well below 0.2dB. IP3
measurement only needs to perform spectrum anaydiso
frequencies. Therefore, the test time increaseechly the

CGIMP accumulation is easily compensated by theracy.
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Fig. 17. Accuracy oAP vs. frequency in IP3 measurement.
Similar to (16), the CGIMP test time would 2V<s+ as well
if we pick the larger oN.¢¢(f1) andNesf(f2) aSN.sy. Since
the IP3 measurement needs to be done at two frepserhe
required test time will be given as
2 x 2Ness, (19)
From (19), we can see the test time increases expiaily

Table IV summarizes the number of slices and Iopkables
(LUTSs), which are listed in left and right colummespectively,
required for implementing a MAC as a functionMfand M.
When N is fixed, a linear relationship between the reseur
usage andl can be observed, the accumulator requires exactly
one slice for every two bits of the accumulator. éivh
increasing\N, however, the complexity of a multiplier increases
faster than an accumulator, as seen in Table IVe Th
implementation for our specific application is icatied by the
shaded entries.
TABLE IV
NUMBER OF SLICEELUTS VS MAC CONFIGURATIONS
# of input bitsN

8 12 16
28 74 13¢ 12¢ 244 - -
go, 32 76 14z 131 24¢ 204 387
AZIE= I 36 78 147 132 252 20€ 391
ZS ™ 40 80 151 13t 25€ 20¢ 39t
44 82 15t 137 26( 21C 39¢

We considered three 256-point FFT implementatioite w
16-bit input in Xilinx Virtex-Il FPGAs [17] for comparison
since Spartan-3 and Virtex-ll have identically sizslices,
LUTs and multipliers. The resource usage and pexdoce of
these implementations are summarized in Table \hs(Cer
the fastest pipelined FFT implementation as an @k@nvhere
almost seven times more slices and twelvex1Bgbit
multipliers are required than in Table IV wheremaltipliers
were used. Using two existing AB3-bit multipliers in
Spartan-3 in the SSA-based ORA, the number ofsliezded
for the two accumulators is equalltb As a result, the largest
configuration in Tables IV would require two multgrs and
only 44 slices.

as Ngir increases. Therefore, when test time becomes tR€source UsaGE 0R56-POINT FFT IMPLEMENTATIONS ONVIRTEX-Il FPGAS

bottleneck of a whole system, the frequency woffds andf,
should be chosen to achieve a smallgrfor shorter test time.

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

TABLE V
. # of 18x18-hit
Type # of slices multipliers Clock Freq.
Pipelinec 263: 12 641 kH:
Burst I/C 2742 9 313 kH:
Minimum Resource 1412 3 133 kH:

1-tone input signal and the ORA performs a SWe@B-ly grom sych a comparison, we conclude that the S3acha

spectrum analysis at output. However, it has issiregar to
IP3 measurement. First, the spectrum analysis e dd a
frequency different from the frequency where thergjest
tone is located. Second, the spectrum at the freges of
interest is much weaker than the strongest toneis,Tthe
accumulation has to be stopped at CGIMPs of thdysiea
frequency and tone frequency to cancel off the AfCudation.
Since the simulation setup is almost identical he 1P3

ORA is much simpler and cheaper, and can also e&lsieme
flexibility that the FFT-based approach cannot piev For
example, the maximum number of the points that &1 F
processor can compute is fixed, such that it ificdit, to
adjust the frequency resolution when using an F&3eld
ORA. Instead, the frequency resolution can easdytimed
with the step size of the sweeping frequency in -®8sed
ORA and number of samples used for accumulation. In
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addition, we are often only interested in a fevgérency points system illustrated in Fig. 19. The complete systemsists of a
or in a narrow bandwidth, which can be done easisiing printed circuit board (PCB) with the ASIC (left)ia second
SSA-based ORA, while FFT-based ORA computes a largCB (right) which contains a 12-bit signed DAC, dble low-

amount of information because FFT processes thelewhgass filter, tunable common-collector amplifier r(fo

frequency domain at one time. introducing non-linearity), an analog 2:1 multippexand 12-
TABLE VI bit signed ADC. For FPGA measurements, the ASIC @B

RESOURCE USAGE INSPARTAN-3 FPGAIMPLEMENTATION replaced with a Digilent Spartan-3 Starter Boarthehrity

#of LUTs # flip-flops # of slices measurements for the FPGA and ASIC implementatames

BIST 2,68¢ 1,671 2,041 compared in Fig. 20 to the measurement resultsrautavith

SEA 79€ 45¢ 56¢ an Agilent E4446A spectrum analyzer. The FPGA a®ICA

F. Implementation Results in FPGA and ASIC measurements closely agree indicating the measuategmults

We implemented the complete BIST approach illusttan are also_ re_producible. FaxP megsurements below 35, the
Fig. 7 in a Xilinx Spartan-3 XC3S200 FPGA as wellia a BIST circuits agree closely with t.he spectrum  amaly
130nm (8RF) CMOS ASIC. The BIST circuitry includées me_as_urements but dlverge monotonically 2 ab_pve 35.
EFIMP and GIMP detectors as well as a test contrcibe This is due_ to the resolgtlon of the. DA(;/ADC whusho_nly
initialize, enable, and disable ORA accumulatiomirty the about 8 _b'ts_ of effective resolution in our expesirtal
BIST sequence along with a serial peripheral iat=f(SPI) to hardware in Fig. 19.
initiate tests and retrieve measurement resulte BIST
circuitry also includes three 32-bit NCOs (two fiotone and
2-tone DDS, and one for reference tones for SSW9, 12-bit
signed multipliers and 40-bit accumulators. Finathe BIST
includes test controller and calculation circuitiethcomplete
on-chip measurement calculations based on, G&d DG
accumulator values as well as the type of measurebeng
performed. The FPGA implementation runs at a marim
clock frequency of over 100 MHz and is summarized able
VI in terms of number of LUTS, flip-flops and sliedor the B i QU S
complete BIST circuit as well as the SSA portionhigh Fig. 19. Experimental mixed-sign T system.

includes the reference NCO and the two MACs) of BKeT. 50
~+-ASIC /

The SSA portion accounts for less than 30% of traplete
=——Spectrum Analyzer /

BIST circuit. Note that the whole BIST circuitssnaller than
two of the FFTs in Table V.
TABLE VII
RESOURCE USAGE INASIC IMPLEMENTATION
# of standard Synthesized Measurement Idle Power

Y
=)

w
@

Measured Value of AP (dB)
w
=]

cells Area (un?) Power (mW uw) 25
BIST 10,064 162,11: 160.2¢ 235.7¢
SSA 4,264 67,50: 70.8¢ 107.1: 20

=
@

The ASIC implementation is 195,7Q@m* and its layout
diagram and die photo are included in Fig 18. TI®#Q\runs ‘ ‘ ‘ ‘
at a maximum clock frequency of 1.1 GHz. The ASIC oo Exezctedvj‘l’leom:?dm o ® >0
implementation is summarized in Table VII in terro$ Fig. 20. Linearity measurement results.
number of standard cells, area, and power (bothnwhe
performing measurements and when idle). In thisecése ySreotrun 18 o9/ REF 2 dn o 2';;;1:5'
SSA portion accounts for just over 40% of the cat@BIST o o
circuit area.

Fal

=
=

NCO || DAC1
and

The FPGA and ASIC implementations of the BIST dirgu RO T ERe T R B, e

STOP  18@ kHz

were used to measure linearity of a DUT in a migigphal Fig. 21. Signal to noise ratio measurement results
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The BIST circuitry was also used for SNR measuréseni®l E- Dai, C. ?thUd a?,dBDqYanS’ "AUtogatiC '—i"eaamg:d Fre?EeEfEiy
: o - p esponse Tests with Built-in Pattern Generator Andlyzer,”

and a representative result is |Ilustr§1ted in Efg.where one Trans. on VLSI Systemsol. 14, no. 6, pp. 561-572, 2006.
.Can see the spe_ctrum analyzer reading for §|gnad)|ma floor [7] M. Ordonez, et al, “An Embedded Frequency Respdwsayzer for
is 71.733dB while the BIST measurement is 72dBshibuld Fuel Cell Monitoring and CharacterizatiodEEE Trans. on Industrial
be noted there are also some harmonics spurs isperum, Electronics vol. 57, no. 6, pp. 1925-1934, 2010.
which were not sampled in our SNR measurement. Kewe [8] F. Gonzalez-Espin, et al, “Measurement of the L@xgin Frequency
by sampling these spurs both THD and SINAD measerds Response of Digitally Controlled Power Converted§EE Trans. on

Iso b f d by the BIST circui Industrial Electronicsvol. 57, no. 8, pp. 2785-2796, 2010.
can also be periormed by the circuitry. [9] J. Emmert, J. Cheatham, B. Jagannathan, and S.ddm#&An FFT

Approximation Technique Suitable for On-Chip Getiera and
V. CONCLUSIONS Analysis of Sinusoidal SignalsProc. IEEE Int. Symp. on Defect and
. . . Fault Tolerance in VLS| Systeymp. 361-367, 2003.
We have presented a practical implementation oéctiee [10] J. Parket al, “A Fully-Integrated UHF Receiver with Multi-Relstion

Spectrum Analysis (SSA) which allows measurementaof Spectrum Sensing (MRSS) Functionality for IEEE 8@2Cognitive
Sing'e frequency at a time. Compared with FFT andl@ Radio Applications,1EEE J. Solid State Circuitspl. 44, pp. 258-268,
spectrum analysis techniques, SSA offers uniqueatdges. [11] i/loogl\.llendez-Rivera A. Valdes-Garcia, J. Silva-Magtin and E
First, S_SA has better control of dynamlc_ range _ﬁ(equency Sénchez-Sinencio, “‘An bn-Chip Spectru’m Analyzerﬁfnalog BuiIt-In‘
sweeping. Second, SSA can be realized with muck les Testing,"J. of Electronic Testing: Theory and Applicatiousl. 21, pp.
hardware cost and power consumption. Third, SS4uieacy 206-219, 2005.

resolution can be easily adjusted. Fourth, althaihghSSA is [12] J. Qin, C. Stoud and F. Dai, "Phase Delay Measune@red Calibration
not able to calculate the whole spectrum at one,tinsually '(:'n%“;g;;”mA$ﬁL°§r;;”ng_”ﬂJ ezsé'ggp roc. IEEE Southeastern Symp.
ley the _SpeCtrum at a few frequencies, such as |EPFG)f [13] J. Qin, C. Stroud and F. Dai, “FPGA-Based Analogndtional
interest in analog measurements. Thus the SSA iises Measurements for Adaptive Control in Mixed-Signais®ms,”IEEE
hardware more efficiently in a BIST environment. Trans. on Industrial Electroni¢cyol. 54, no. 4, pp. 1885-1897, 2007.

The IMP accumulation not only minimizes the potainti [14] B. RazaviRF MicroelectronicsPrentice-Hall, 1997.
calculation errors in SSA, but also helps to redtest time [15] A O_ppenheim and R. SchafeBDiscrete-Time Signal Processing
and hardware overhead. However, the discrete nattire Prentice-Hall, 1989. o _ -
digital signal preverts cortectly capturing evewat IMP. 151 J O €, Stoud and . D2 ‘Test Tme of Mssirccuruiatr
Thus, we find that the IMPs captured by the progodéP Testing,”Proc. IEEE Southeastern Symp. on System Thepr363-36
circuits could be categorized based on how wel} Hre suited » 2009.
for different analog measurements according to rthefl?] Xilinx, “Fast Fourier Transform v3.2,” Xilinx, In¢ August 2005.
advantages and limitations.

The technique described in this paper was impleateit
both FPGA and ASIC and verified in an experiments
hardware environment. The theoretical derivationd an
simulation results as well as actual hardware impletation
closely agree and prove the efficiency of the IMfewits and

accumulation in SSA-based ORA.
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