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Abstract - We evaluate some previously proposed test apphesafor various types of adders in
an attempt to find an architecture-independentrélgo for testing adders in embedded Digital
Signal Processors (DSPs) in Field Programmable @atys (FPGAs). We find that a minor

modification to a previously proposed Built-In S&kst (BIST) approach provides the highest
fault coverage for most types of adders and, egualbortant, it is simple to implement.
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Introduction
While developing Built-In Self-Test (BIST) approashfor Xilinx Virtex-4 Field Programmable

Gate Arrays (FPGAs), we investigated various tegir@aches for adders. The target adder has
three input ports of 48-bits each and was incotgdréan the embedded Digital Signal Processor
(DSP) cores in Virtex-4 FPGAs. Unfortunately, #rehitecture and implementation of the adder
are not explicitly defined in the data sheet [Based on the timing specifications, we rule out
sequential logic implementations leaving ripplergacarry select, and carry look ahead (CLA)
adders. Since the adder is used to sum the faréibbproducts from the multiplier portion of the
DSP, the CLA adder seems the most likely candidased on data sheet timing specifications and
the fact that CLA adders are typically used for ming the final partial products in modified-

Booth/Wallace-tree multipliers [2].

Carry Look Ahead Adders
The basic structure of a CLA adder is summarize#figure 1 where 4-bit implementations are

typically used due to fanin limitations. Each addell takes two inputs (Aand B) and a carry-in
(C) to produce sum (B propagate (. and generate (5signals. The fand G signals from the
adder cells are used in conjunction with the caargignal in the look ahead carry unit (LCU) to
produce carry signals to subsequent adders as simechdy the LCU logic equations in Figure 1.
There are two approaches to implementing the addis as summarized by the adder logic
equations in Figure 1; these include generatind’tisggnal via an OR gate (denoted in Figure 1 as
the POR implementation) and generating thsighal via the exclusive-OR (XOR) gate (denoted

in Figure 1 as PXOR implementation) used for tha.su

In order to construct larger CLA adders from theibal-bit CLA adder illustrated in Figure 1,
there are three basic approaches. In the rippl, @e carry-out from one LCU is connected to
the carry-in of the next LCU [3]. Alternativelyhe LCU itself can also produce a propagate signal
(PG) and a generate signal (GG) which can be feal $econd stage of LCU such that a 16-bit
CLA adder can be constructed. For even largerraddech as the 48-bit adder in the Virtex-4
DSP cores, one can either ripple the carry outpltse second stage LCU (which we refer to as a
ripple LCU) or include additional stages of LCUshfeh we refer to as multi-stage LCU).
Therefore, our goal is to find an architecture-petedent test algorithm that provides high fault

coverage regardless of the adder implementation.
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Adder Logic Equations

POR: PXOR:
S = AOBOCin S = RICin
P =A+B P=AIB
G=AB G=AB

Look Ahead Carry Unit Logic Equations
PG= F6' Pl. P2' P3
GG:Gg"'Gz' P3+Gl' P2' P3+Go' P]_' P2' P3
C1: Go+ Po' Co
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Figurel: Carry Look Ahead Adder

Prior Testing Approaches
A minimum set of 10 test vectors was proposed tealell single stuck-at faults in a 4-bit CLA

adder in which the jPsignal in the adder is produced by an OR gate (R@fementation) [3].
This was extended to a set of 11 test vectorssioatey size ripple CLA adder [3]. Another test
algorithm was proposed for BIST implementation vahpzoduces a*@dN+1) test vector sequence
to test anN-bit adder [4]. The test pattern generator (TP@plementation for this algorithm
requires aN+1 bit shift register and an inverter to form agted ring counter in conjunction with
N XOR gates andl XNOR gates as shown in Figure 2. This BIST cir@siieasy to implement

and the test vector sequence produced by thisitisdllustrated in Figure 2 fok=4.

AAAABBBBC
reset 32103210i
4 — J 111100001
N+1-bit Serial Shift Register 111000001

-
— 110100011
101100111
SgReg A 011101111
€G.1 to adder inputs 000011110
B 000111110
G 001011100

to adder carry-in 010011000

Figure2: Adder Test Algorithm[4] 100010000
When applying these two test algorithms to varimoglementations of CLA adders (as well as a
simple ripple carry adder), we find that both tksttalgorithms lack the ability to provide 100%
single stuck-at fault coverage, as summarized lelr'a for 48-bit adders implementations. Note
that all CLA implementations use the OR implemeatafor the propagate signal. While the
minimum set of test vectors described in [3] pregidl00% fault coverage for its target ripple

CLA implementation as well as for the simple rippbary adder, it fails to provide complete fault
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coverage for other CLA implementations. The BIS@oaithm presented in [4] provides the best

overall fault coverage for all CLA adder implemditas but fails to provide 100% fault coverage.

Table 1: Stuck-at Fault Simulation Results forb#BAdders

Adder Gate | Number of Test Algorithm Vector Set
Implementation | Delays| Faults [vector set[3] BIST [4] | Modified BIST
Ripple Carry Adder 96 1296 100% 99.9% 100%
Ripple CLA 28 1392 100% 99.9% 100%
Ripple LCU 12 1542 95.7% 99.9% 100%
Multi-stage LCU 10 1506 95.9% 99.9% 100%

M odification to BIST Approach
Upon investigation of the undetected faults frora BIST-based test vectors, we observed that

two additional vectors were needed to detect thmameing faults and provide 100% fault
coverage. These two missing vectors can be pradudth a simple modification to the TPG
implementation by replacing the inverter in thest@d ring counter with a flip-flop, as illustrated
in Figure 3, and using the Q-bar output of the-flip to provide the inversion for the twisted ring
counter. This minor modification to the TPG prodsi@ %(N+2) test vector sequence, a sample
of which is illustrated in Figure 3 fo¥=4 where the new test vectors are noted. Withdimple
modification, 100% stuck-at fault coverage is of¢ai for all adder implementations, as
summarized in the “Modified BIST” column of Table 1

AAAABBBBC
32103210i
111100001
reset J 111000001
i t; : ; : : 110100011
X N+1-bit Serial Shift Register 101100111
. 011101111
SReg new >000011111
SReg. A _ 000011110
to adder inputs 000111110
B 001011100
i ) 010011000
to adder carry-in 100010000

Figure3: Modified Adder Test Algorithm  new >111100000

Application to Embedded DSPsin FPGAs
Virtex-4 FPGAs incorporate from 32 to 512 embed®&Ps depending on the family and size of

the device. Each DSP has anx18-bit 2’'s complement multiplier followed by thremultiplexers
(denoted X, Y and Z) and a 3-port adder/subtrae®illustrated in Figure 4a. The select inputs to
the X, Y and Z multiplexers are dynamically corledl by seven ©vODE input signals. The 3-
port adder/subtractor performs P£X+Y+Cin) [1] where X, Y, and Z are 48-bit busse¥Ve
assume the implementation is a 2-stage CLA adddtuatrated in Figure 4b. Only the C port
input to the DSP provides 48-bit access to the adidethe Y and Z multiplexers. Unfortunately,
the concatenation of input ports A and B (denote) frovides only 36-bits since the A and B
ports are 18-bits each. The only other 48-bit ssc® the adder/subtractor is through the
accumulator register (denoted P) which providedifeek access to both the X and Z multiplexers
[1]. Therefore, application of a single test veatquires two clock cycles: one to load a portion

of the test vector in the P register and the setomrgply the complete test vector to the adder.
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With this limited access, each stage of the addarle tested in turn, as summarized in Table 3.
During the first clock cycle of each test vectompligation, 48 bits of the 97-bit test vector
(including ON input for stage 1 adder and&RACT input for stage 2 adder) can be loaded into
the P register via the Z or the Y multiplexers (gleing on the stage of the adder that is being
tested) while Os are applied to the other two mpldiiers under the control of the OPMODE
signals. Logic Os are also applied to the @nd SIBTRACT inputs to facilitate passing the 48-bit
portion of the test vector to the P register; ribtd when testing the second stage adder, however,
the 48-bit vector to the P register must be invefte those cases where the overall test vectdr wil
apply a logic 1 to the BTRACT input. During the second clock cycle, the 48dgittor in the P
register is applied to the X multiplexer while tremaining 48 bits of the test pattern are applied
via the C port to either the Y multiplexer or thendiltiplexer (depending on the stage of the adder
that is being tested). During this second clockleylogic Os are applied through the third
multiplexer and the appropriate test pattern valaes applied to the I€ or SUBTRACT inputs
(depending on the stage of the adder that is teistgd). These 2-clock cycle test patterns can be
generated by the TPG by simply incorporating alclenable on the shift register such that the
complete test pattern is held for two clock cyaldsle the appropriate @MODE values control the

X, Y, and Z multiplexers to transmit the compledsttvector to the adder stage under test.

(Y MUX) (X MUX)
i48 {48
(ZMUX) | 48bitCLA |¢—Cin
48 ()
\ 4
48-bit CLA |« Subtract
ins

b) 2-stage CLA adder

7
a) access to adder [1]
Figure4: Adder in Virtex-4 DSP

Table 2: Test Pattern Application to 2-Stage Adder

Adder Under Test| Clock Cyclg X MUX Y MUX Z MUX
1 0s 0s C port

Top Adder 2 P register C port Os

1 Os C port 0Os
Bottom Adder 2 P register Os C port

Conclusion
The BIST approach proposed by Al-Asaad, Hayes Muday in [4] has proven to be an excellent

approach for testing adders; it provides complaieksat fault coverage for many different types
of adder implementations. Furthermore, the BISpraach is easy to implement as well as easy
to modify, as we have shown here in our applicatmthe 3-port, 48-bit adder/subtractor in the
embedded DSPs in Virtex-4 FPGAs.
incorporated in DSP cores in Virtex-5 FPGAs [Skisthat this BIST approach can again be used.

Furthermore,nailai 3-port, 48-bit adder/subtractor is

It should be noted, however, that this BIST appnaamot architecture independent; for example,
it does not detect all faults in a CLA implemerdatithat uses the XOR implementation for the
propagate signal. On the other hand, the basibodedescribed in [4] can be used to test other

structures such as multipliers and arithmetic lagiits (ALUS).
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