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an -condition in response to an application of energy directed to the element. The parameter has

a first value lying in a first range of values when the element is unprogrammed and a second
10 value l'ying' in a second range of values when the element is successfully programmed.

Programmable logic devices (PLD’s) include a famﬂy of integrated circuits
(IC’s) with an internal memory array of ptogrammable elements (links) of a fuse or an anti-
15 fuse type. A memory array of links of the fuse type has ail link states originally "closed"
' while an array of links of the anti-fuse type has all link states originally "open”. The array is
| prbgtammed-in response to high power programming pulses to contain a desired pattern of
"open” and "closed” link states in order to customize the PLD’s functionality. As a result of
the programming, specific links are intended to be brought irreversibly and completely to a
20 state opposite their ongmal state.

* While ideally "closed” links should have a zero resistance and " open links an
infinite resistance, this is not achxg.vable in pracnce. Because zero resls_tancg materials are not
available at the operating temperatures of integrated circuits, typically the resistance of a
"closed” or intat:t link may range up to 100 while a distribution of resistance of an "open"

25 link may range from 100MQ down to below 1000.
" Through proper design and testing memodologxes, mtegrawd circuits with link
resxstance values that would adversely affect functionality can be rqected. Current testing
: philbsophies include a verification during which the links are sequentially selected and the
resistance of each selected link is compared with a single reference resistance value, for
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OBJECT OF THE INVENTION
It is an object of the present invention to provide a programmable logic device
15 integrated circuit having verification circuitry configured such that all IC’s that pass both
programming verification and room temperature functional test are virtually guaranteed to
ﬁmdion as. prograinmed. It is another object of the present invention to provide such
“verification circuitry in integrated circuits of various types, including bipolar and biCMOS.

20 SUMMARY OF THE INVENTION
Briefly, these and other objects of the present invention are satisfied by the
circuit of the invention specified in the preamble and characterized, in that the circuit
includes verification means for selectively and reversibly including a selected one of the
elements in a verification circuit and for providing one or more signals indicative of whether
25 or not the value of the parameter of the selected element lies in a forbidden range of values
of the parameter intermediate the first and second ranges. The explicit indication that the
selected programmable element has a parameter value lying within the forbidden range
enables discriminating between properly functioning and faulty arrays.
Preferably, the verification means is operative to provide the one or more
30 signals indicative of the value of the parameter of the selected element lying in a specific one
of the first, second and forbidden ranges. An indication as to which one of the three
parameter ranges is concemed gives a full representation of the status of the selected
element.
In case the parameter is a resistance of the element, the verification means
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o a ool ot anelitreirace Rstfinge valbe THerorHidisn reRgefbaties betveen the twg fefcronce
resistance values. Because the quotient of the higher reference resistance value and the lower
reference resistance value is typically more than 50, for example 200, the verification
circuitry includes a switchable two level current source in order to produce test voltages

15 across the links (link voltages) of correct dynamic range. The current source produces a
- predetermined constant higher current through those links having a resistance less than or
equal to the lower reference resistance value and a predetermined constant lower current
- through those links having a resistance greater than or equal to the higher reference
resistance vaiue. The quotient between the higher and lower current levels is preferably about
20 one quarter of the quotient between the higher and lower reference resismnoe' values.

A measurement voltage at a node which is produced in response to the link
voltage is compared by differential comparator means to respective lower and higher
reference voltages, the lower reference voltage corresponding to the méasurement voltage
that would be produced by a higher link voltage which is the product of the higher reference

25  resistance value and the lower current level, and the'higher referen_ée voltage corresponding
to the measurement voltage that would be produced by a lower link vbltage which is the
- product of the lower reference resistance value and the higher current level. It should be
~appreciated that the quotient of the higher and lower link voitages equals the quotient of the
higher and lower reference resistance values divided by the quotient of the higher and lower
30 current levels. I _ |

In accordance with a first embodiment of the invention useful for a bipolar
implementation, the switchable current source is configured to automatically sWimh a
relatively high current source out of the circuit with a selected link as lbng as the link
voltage exceeds the higher link voltage, thereby clamping the link voltage to the higher link
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: voltage with the hxgher reference voltage only during the strobe signal.
o However done, the results of the comparisons of the measurement voltage with
15 the lower and higher réference voltages enable formation of digital signals classifying the
link resistance of the selected link among a "validly closed” state zone, a "validly open" state
'~ zone and an “invalid® state zone intermediate the "validly closed” and “validly open" state
zones. The “invalid® state zone is chosen to be of sufficient extent to ensure that a PLD
having all its link resistance values verified as lying in the "validly closed” and "validly
20 open" state zones is virtually guaranteed to operate as programmed, providing it passes the
usual room témperature functional test. -
The invention also relates to a method of verifying a status of a plurality of
programmable elements in an'electronic memory array, wherein each element has an
electrical propetty which is describable by a parameter and which is alterable from an
25 unprogrammed condition in response to an application of energy directed to the element. The
parameter has a first value lying in a first range of values when the element is
unprogrammed, and a second value lying in a second fange of values when the element is

successfully programmed. In accordance with the invention, the verifying step comprises
reversibly including a selected one of the elements in a verification circuit; and enabling the
30 verification circuit to provide one or more signals indicative of whether or not the value of
. the parameter of the selected element lies in a forbidden range of values of the parameter
intermediate the first and second ranges This method may be feasible when testing memory
arrays with off-ehtp test circuitry.
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notwithstanding the prior art use of a single reference resistance value, for example S00KQ,

15 to classify the link resistance among one resistance zone corresponding to a "closed” or
"intact” state and the other resistance zone corresponding to an "open” state, in fact AC and |
functional failures are possible in a range 10 including those link resistance values lying in

- the range of about 1KQ to S0K@. Consequently in accordance with the present invention, an
“invalid" or "forbidden" state range 12 of link resistance values is established which is wider

20  than the range 10, and spans between lower and higher reference resistance values,

- preferably 500Q and 100K(, respectively. Then, a "validly closed” state range corresponds
to link resistances less than the lower reference resistance value and the “validly open” state
range corresponds to link resistances greater than or equal to the higher reference resistance
value. Consequently, in accordance with the invention, the prior art verification circuitry for

25 classifying the states of the links as "open” or “"closed” is expanded to classify the states of
the links as “validly open", *validly closed” or “invalid". A PLD having a link in an
"invalid" state is, in general, rejected. o o

' It is noted that the higher and lower reference resistance values are in the ratio

~ of at least SO to 1 and preferably 200 to 1. As will become clearer as the discussion

30 proceeds, this large ratio necessitates using a current source that produces a predetermined
constani higher current through those links having a resistance less than or equal to the lower
reference resistance value and a predetermined constant lower current through those links
having a resistance greater than or equal to the higher reference resistance value in order to

L produce test voltages across the links of correct dynamic range.
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Similarly, the lower terminals of links 14 in each same column are connected to
a column selection line 26 fed by a column decoder 28 for that column. Each column
decoder includes a transistor switch 30 for producing a programming current Ip thx_'ough'a

20 selected link 14 to produce sufficient thermal energy in the link to cause it to become
"open”. Transistor 30 has its base electrode 30a connected to the output of an AND gate 31.

~ Also included in each column decoder is a switchable two level verification

current source 32 including a first portion 34 for producing a relatively high level
verification current Iy, preferably 1ma, through the selected link and a second portion 36 for

25 producing a relatively low level verification current Iy, prefefably 20ua, through the selected
link. Actually, in order to produce the low level verification current I, through the selected
link, the second portion must actually sink a current equal to I +I,, where I, is the current
passing through a Schottky diode 66 coupling each column control line 26 to comparator
circuitry which will be later discussed. Each column decoder 28 has a group of parallel

30 inputs 38 which are all digital ONE in response to decoding of the column number
corresponding to the column controlled by the column decoder, a PRO/VER input signal on
input 40 which is near VCC (digital ONE) to enable programming and near ground (digital
ZERO) to enable verification and the signal VPROG on inpi_n 42. The latter is near VCC
(digital ONE) for programming and for verification. The inputs 38 feed an AND gate 44. A
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DESCRI PTI ON OP8iraid Gi-ere atirgonnectadctp RRO(YER input 40. Transistors 54, 58 and 56, 60 form
input and output of current mirror pairs. The resistors 50, 52 and relative widths or number
10 of parallel junctions of the current mirror pairs are chosen to achieve the current Ly in
transistor 58 and the current Iy in transistor 60. The collector of output transistor 58 is
connected to column control line 26 via the series combination of a Schottky diode 62 and
two diodes formed by base to collector commoned transistors 64, while the collector of
 transistor 56 is directly connected to line 26. The aforementioned series combination .
‘15 produces a fixed voltage drop equal to two Vbe's. (one Vbe = approx. 0. 75 volts) plusa
Schottky drop (approx. 0.5 volts). Consequently, when the voltage on collector control line
26 falls below 2.75 volts, i.e., one Schottky diode drop plus two pn-diode drops plus one
saturation voltage above ground, then diode 62 and transistors 64 reverse bias. This stops
current Iy; and forces transistor 58 to operate near saturatxon All current demanded by
20 transistor 58 then is sourced through its Schottky diode clamp from VPROG.

In operation, a link whose state is to be programmed or verified is selected by
provision of its row and column locations to row and column decoders 20, 28 and the
assertion of a VPROG pulse of digital ONE value. The transistor switches 16 of the selected
row are turned on in response to row decoder 20 for that row and the transistor switch 30,

25 for programming, or the two level current source 32, for verification, within the column
decoder 28 for the selected column is turned on to sink cm_'i'ént from its associated column
" conductor 26. Two level current source 32 is turned on for verification purposes during the
duration of the VPROG puise when th_é PRO/VER input is digital ZERO (near ground) while
transistor switch 30 is turned on for programming purposes during the duration of the
30 VPROG pulse when the PRO/VER input is digital ONE.

' During verification, the current produced through the selectzd link by two level
current source 32 is dependent upon the link resistance. For a link resistance greater than or
equal to 7SKQ (1.5 volts/20ua), only the lower current level I; will flow through the selected -
link, producing a link voltage across the selected link of greater than or equal to 1.5 volts.
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sour ce t hatl &}E’&l E‘;ﬂ"@d& beieg referradclarast g t hose

| i nks havi ngfefenc€ %b rv:e | ess than or equal to.the |ower reference '

resi stance val ue an edeterm ned- constant | ower current through those
| i nks having a reS| M@e forr link resistancerbeowveen 3K, and 75Kh; bigh levebéwraance

(o SeanCo sbiatclSalvin ol cudfp e Vg S RE 10N B 196 % fust Dol 275 vl
15 The various column control lines 26 are connected to the cathodes via Schottky
" diodes 66 whose anodes are connected to a common node 68. Theeffectoftlns

interconnection is'that the voltage at node 68 is due to the voltage at the lower tenmnal l4b
of the selected link. A further Schottky diode whose anode is connected to node 68 forms a
‘measurement voltage Vypas at its cathode. The diode 66. associated with the selected column

20 and the diode 68 are biased by current sources 72, 74 and 76 to have equal anode to cathode
currents I, and consequently equal and opposite voltages. Therefore, measurement voltage
VaEas is equal to the voltage at the lower terminal 14b of the selected link. The current
sources and differential comparators 78 and 80 are powered from a voltage source 83 which
is active and equal to VCC only during a verification cycle. _

25 _ Voltage Vjgas is compared in differential comparator 78 with the lower
reference voltage V,, which is formed by passing a current having the value I; through a

resistance having the value Ry which is connected to supply 83 via a Vbe junction. If VMEAs
exceeds V, which means the resistance of the link is less than RH; output 82 of comparator
78 will be high '(digital ONE). Similarly, voltage Vyp:4¢ is compared in differential
30 comparator 80 with the higher reference voltage V,, which is formed.- by passing a current

having the value in through a resistance having the value Ry which is connected to supply 83

~via a Vbe junction. If Vgpag exceeds V,, which means the resistance of the link is less than
Ry, output 82 of comparator 78 will be high (digital ONE). .

" Outputs 82 and 84 form the inputs of an:AND gate 86 and of an Exclusxve
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6 Referring tovepspesey 2, there is illustrated an enbodi ment ofpdinBosioosse
i nvention using bipolar integrated circuit technology. Therein, a plurality

of fuse links 14 are shown arranged in a two dinmensional array of Mt 1
rows, nunbered O to M by N+ 1 columms, nunbgred O to N. For purposes of

illustration, links 14 are oriented vertlcal 'y, having an upper termnal. 5
14a and a | owayoRr @581882/Thd Gltpuiof galbos6 isidigital ONE/ whén B6th Mfieare mpom)%ﬂﬁch
of illustration, with rows oriented vertical Iy and colums orien

hori zontal | y. ceamomdsm theiresistance,of; the lipk beiag less shagi By @em&ﬁfaﬁe%md

bet ween t he | ﬁ%ﬁaﬂ
preferably eqlkj)mf< vé?éﬂﬁgl'vﬁ%ebase epﬁcltro P{% 0 ﬁdsst?;igﬁgrlﬂés/%smnce
swi tches 16° cbﬂn&mmmorrﬂqualmﬁmoehsﬂhmﬁa Itcﬁhowld@egppmmmwm these

tocoder 20 noth AEiCouite, o Se M RRA oeits Y ek B ot iE2 et pben ink

paral | el i npuresisivice gieateh thmner 2qhal do glno,a'rvaﬁmiomsem" (Iilkremmarldmrthan Rp), or

mput 25 i CrRd R S B e or St Rk o B 0B R ng ( ho ot ates

(2)1‘2 tpe I |12ks 10. Itdsh il aigure Q| gieedlxslhllﬁium aﬁﬂodiﬂmﬁﬁﬂfe(i‘ué\f&iﬁbﬂ&&xﬁg
of a ro er arg digita transi stor switches
control | ed bywﬁﬁﬁg é“‘??gya RymeRalSATe ysed, for

term nal s jof E!eﬂ:bﬁts%ﬂﬂé@oﬁﬁﬁi't&ﬁ% W{r&n@gm%ﬁptxﬁm 8. T BIOMOS
selection line 26 fed é a colum decoder 28 for that colum. Each col umm

decoder i ncl utmRodiment ditfers feam the; bhipolargmbadiment dny the; desiem of thegwalaveh yerificasion

I'p through a current source and in the voltage measuring section because the low level current I, and high
~ level current Iy are sequennally applied through the selected link under the control of a
strobe signal and the result of comparison of the resultant two x_n&sure_ment ‘values with the
15 associated voltage reference values V; and V, are latched. As will be seen as the discussion
proceeds, low level current I; is produced through the selected link when the strobe mgnal is
low (digital ZERO) while high level current Iy is produced through the selected link when
the strobe signal is hlgh (digital ONE). _
' The switchable two level verification current source 132 within each column
20 decoder is formed by a pair of series connected FET’s 202, 204. FET 202 has its gate
electrode connected to output of AND gate 44 tuming FET 202 on when the selected column
is decoded by AND gate 44. The gate electrodes 204a of FET"s 204 are connected together
and are fed by line 216 output from column decoders controller 206. Controller 206 controls
the current through a FET 218 to selectively add a high current Iy to the low current I +I,
25 flowing in the drain to source path of FET 218. Line 216, connected to the commoned drain
and'gateofFET216hnsavoltagewhichcausesFETZMtohas)eadraintosourcecurrent
mirroring the current flowing in FET 218. Controller 206 is responsive to the output of an
- NOR gate 208 which receives a strobe signal on input 210 and the PRO/VER signal on input
212. 1t includes a voltage controlled current source 214 between voltage sourcé 83 and line
30 216 producing Iy, FET 218 between line 216 and ground, and current source 220 between
- source 83 and line 216 producing the low current I; +I,. Current due to I +1, flows into the
drain to source path of FET 218 whenever voltage source 83 is active, irrespective of the
state of the strobe signal. Since the PRO/VER signal is digital ZERO during verification, as
long as the strobe signal is digital ZERO, the output of NOR gate 208 will be digital ZERO.



20 selected link 14 to produce sufficient thermal energy in the link to
cause it teydogsapy "open”. Transistor 30 has its base el ecty 2e 30a
connected to the output of an AND gate 31. Al so included

decoder is a switchable two | evel verification current source 32 |nclud|ng
a first portion 34 for producing a relatiely high |evel verification
current [err], preferably | m, through tH selected link and a second

PO <1 o0, SO ThEucits BERETA I s O Aok BURE XL BUY A B S o
produce t heourcapdtie of FET21B{ ambhy currenti mizport ackibn f discoingthe tifain ®edoarcequthl afmk,

t he secondrgﬁ.r ,on nust actually sink a current equal to IL+l1, where [err]
is the cur idgassi ng through a Schottky di ode 66 coupling each col um

SO 1 7 21, M b sl st KO et Nk g s
digital %‘3 ?‘?ldﬂgg%l Lnsguﬁs’go(g'c W H‘&}ﬁ ?mt& T’lﬂ\“’ﬁﬂ“t o]

t he col urmﬂowmgrmltheadhhytotsbm rof RBIC2I8e ICurrentintarorbotion will chilsé/ B2 to Adw

i nput 40 V\/ﬂlﬁlg I S near VCC( ggbg O\I@ﬂto en bI e anm ng a#g near
ground (di i thedrai B* P# i additionto @%&H YPROG on i nput

42. The latter is np&rco)f%,ﬁ i heéxkurehiEnt VoRhgedV AAten the strobe
verification. The inputs 38 Teed an AND gate 44%¥WV\O 95/ 325057

PCT/ | B95/ 08ignal iy high with the dowsr geferenceovaiie ¥y, 2 eomparator 178 isqpupvided which is
2o to 11D, lenfica f Cpfarsich IR iy LG ARH 5T 227 ot 1 o0IRS: T T 50
and t he ouagtivating cohyiarajort £78/whenrie isi tumed ont The\piite glstteode 222a of FET 222 is fed

from the output of NOR gafe-208, via an inverter 234, thereby turning FET 222 on when the ‘

output of NOR gate 208 is digital ZERO, which is when the strobe signal has not gone to

digital ZERO. The output 82 of comparator 178 is applied via the series combination of an

15 inverter 224 and gate element 226 to a latch 228 formed by cross coupled inverters 230, 232.
Gate element 226, which is controlled by two compiememary inputs, one directly from the
ouiput of OR gate 208 and the other via an inverter 234, is on when FBT 22 is on.
Similarly, for comparing the measurement voltage Vyseas produced when the

strobe signal is low with the lower reference value V,, a comparator 180 is provided which
20  is identical to comparator 80 in Figure 1 except that a FET 236a is located for selectively
acﬁvéﬁng_compax"ator 180 when it is turned on. The gate electrode 236a of FET._236 is fed
directly from the output of NOR gate 208, thereby turning FET 236 on when the output of
NOR gate 208 is digital ONE, which is when the strobe signal goes to digital ZERO. The
output 84 of comparator 180 is applied via the series combination of an inverter 224 and gate
25 element 240 to a latch 242 formed by cross coupled inverters 244, 246. Gate element 240,
which is controlled opposite complementary inputs to gate element 226, is on when FET 236
is on. The output of latch 228 is digital ONE when the link resistance, as measured when the
~ strobe is digital ONE, is less than the higher reference resistance value Ry. Similarly, the
output of latch 242 is digital ONE when the link resistance, as measured when the strobe is
30 digital ZERO, is less than the lower reference resistance value R; . These outputs are applied
to AND gate 86 and exclusive NOR gate 88, as in the embodiment shown in Figure 1 to
produce two digital outputs, one of which indicates whether or not the state of the selected
link is valid and the other which effecnvely gives the resuit of a comparison with at least one

of the reference resistance values

¥



31 controlling transistor switch 30. 5 The vol tage at point 48
forms the supwbwsmszmot age coupl ed via resistors 50, 52 to the peTikvslopde and
bases of Schottky transistors 54, 56 and bases of Schottky transi stors 58,
60, in the current source portions 34, 36, respectrvely The emtters of
the transistors 54, 56, 58, and 60 are all gpnnected to PRO VER i nput 40.
Transi stors 54, 58 and 56, 60 forminput and output of current mrror

pairs. The resistors i%ovéame&ﬁlméﬁkarstw@md&ﬁﬁca@ibnem&yba fag datchidpand | el

junctrons of the current mrror pairs are chosen to achieve the current
[err] in traPbyscady mereedwith ﬁelumardes?ﬂer means; Alieznasively othe pgrifiqation cirpyitry g the

of output tr ﬁﬁaﬁ
seri es conbi Egﬁﬁ%@ge{’sﬁﬁott %gﬁgg& G%Ciiaaﬁ?‘ft V\Da’gsg(i ‘?ﬁn ?)éim%%;ﬁgnt (0]
col | ect or conkespravidesaa miethod of vmifymﬂle atatus of @olunp,@gt;mmd ermsnam elenent
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vol ts) plus diesihoforbidden mpge betpeenxtworabgesciftallpwed parametee valugs. when t he
-vol tage on collector control line 26 falls below 2.75 volts, i.e., one

Schottky di ode drop plus two pn-di ode drops plus one saturation voltage
above ground, then diode 62 and transistors 64 reverse bias. This stops
current IH and forces transistor 58 to operate near saturation. Al current
demanded by 20 transistor 58 then is sourced through its-Schottky di ode
clanp fromVPROG 1In operation, a.link whose state is to be programmed or
verified is selected by provision of its row and columm |ocations to row
and col um decoders 20, 28 and the assertion of a VPROG pul se of digital
ONE val ue. The transistor switches 16 of the selected row are turned on in
response to row decoder 20 for that row and the transistor switch 30, 25
for programm ng, or the two | evel current source 32, for verification,
within the colum decoder 28 for the selected colunn is turned on to sink
current fronrrts assocrated colunn _




conductor 26. Two |evel current source 32 is turned on for verification
pur poses dyblokshshhe |furatron_otr the VPROG pul se when the S
digital ZERO (near dfditaf" 'HTH StBEkhsiist or switch 30 is tfﬁ{%@%@%

programmi ng pur poses{Ldur i ng ' ratign of the 30 VPROG pul se when the
"PROVER input is digital ONE. During ve’rlﬁi cation, the current produced

through the selected Iink by two |evel cUfrent source 32 is dependent upon
the link gﬁigi@gnce. For a link resistance greater than or equal to

75K[ err] Its/20[_e_LL]_L__QnJ_¥—1—he—l—omer current level IL will flow

t hrough the selected |ink, produci n nk vol t age aeress—the selected
link of greater than or ﬁmﬂ‘\\\“m\ @ V\D 95/ 3%.?0

PCT/ | B95/ 00339 The vol t erminal 14b of lacedn k
and along line 26 and wi | b‘élessthan or equal - t027 , cting
1.5 volts plus one Vbe due to transistor switch 16 from

t her eby nmai ntaini ng transi stor 58 of f preventing any flow of the hi gher

| evel curnent |H A dedtiofit diresit %ﬁpﬁﬁn qual to the higher reference

resistance value RH of 5 preferably 1 [err], the voltpgg at the | ower
termnal t4UMEMeryCasTRY.Af PspErammaple clements, each qlement haying an |E‘°P¢€Weafter

f d tfhi i W I

[ﬁaﬁr r165K[ eraf % % {g volb?'s/ﬂ ma§ Hdv‘%l lﬁ%%{f%%dtﬁ?‘g\% e °°%

produce a in responsote an applicatiens Qm:gy du‘stedcwtth.e elanent cwherein| the puhmeqonm i al
ft A '

O {18 b\l Yy, 9 38 S Vel 8 s e i

r esi st anc valnallyieg firea is¢cond ramge fof valnes/ whéOthe element isl sucepssfuily pmgmnmed; m nal ‘

14b wil | l%ﬁ 3.75 Vloxhttﬁdttﬁehcexrc\t’xe}lc%renpys)eesre()f being referred to as the higher

- verification means for selectively and reversibly including a selected one of the elements in
a verification circuit and for providing one or more signals indicative of whether or not the

10 value of the parameter of the selected element lies in a forbidden range of values of the
parameter intermediate the first and second ranges.

2. The circuit of claim 1, wherein the verification means is operative to provide
the one or more signals indicative of the value of the parameter of the selected element lying
in a specific one of the first, second and forbidden rénges.

15 3. The circuit of claim 1 or 2, wherein the parametef comprises a resistance and
wherein the verification means comprises: |
- a current source connectable to the selected element and operative to supply first or second
currents to the selected element to create a voltage across the selected element, the first
current being substantially greater than the second current;

20 - comparator means coupled to the selected element for comparing the voltage to first and
second reference voltages indicative of the first and second ranges, respectively, and for
providing comparator output signals representative of the comparison;

; logic gate means coupled to the comparator means for providing the one or more signals on
the basis of the comparator output signals. |

25 4. The circuit of claim 3, wherein a ratio of the first and second currents is in the
order of magnitude of fifty.
S. The circuit of claim 3 or 4, wherein the current source is operative to produce

the first current if the selected element has a resistance less than or equal to a lower
reference value and the second current if the selected element has a resistance greater than or



reference voltage V2. Further, for link resistance between 1.5K[err], and

75K[err],, hWm95a360 current source 345'"?”@ BEET HASE P |it hercTaBYsA@8390f
the lower terminal 14b to just bel ow 2.y vo%@m&p The various
col umm control lines 26 are connected ti : Fa=ISChot t'’ky diodés

66 whose anodes are connected to a common ri@de 68. The effeﬂglmlmmmlumlmlll

interconnection is' that the voltage at node 68 is due to t
the | ower teequahed a higherodeferdiee valbect ed |ink. A further Schottky di eade?whdse*

“anode is conpected to,node 68 forns a neasurenent. vqltage [err]..at its

cat hode. Theg'di ode 66%@%'@3 %r@&fxmﬁsmé #&‘g&a‘fﬂ @J(ﬂr%mgvoﬁlg]ﬁ&eqeﬁg Bi%8de
68 are bi aseéeledtyonidinembly Sfuyl esh eléinent Aavinglan Slebwicilptoperyuahiciaisodescribable by
tocat hode currents | a consequentl.y equal and o os%e vol t ages. '
Theref or o, nfREHMEIRE AR0 WHICh 4 althrehls fromeall ARIPETRBIMEN SORBRON,HIeSONE 18 AMover
term nal $4ballicitin ofenergy Wretted lo thé RRnfext, 'valitkeiss the' puesmelétchad iaf firgf QiMid Fing in

conparators and 80 are gowered froma vol tage source 83 \gh‘; his active

and equal tod range\of yalues When the clemeph is; med, and a second value lyipg|ig 3¢

[err]-is CO”%&Wrahge of {416dsShtendhe El@ﬂ&ﬁriﬁkﬁ&es?ﬁlﬂgm fegover reference

voltage [err], which is formed by passing a curr aving the value IL

through a rechagactesized imthptige verifying| comprisesihi ch i s connected to supply 83

Uhe ink i & Tkl i’ BB of B/ cediCii b TYRRRREAFGRAR, C V07 01

ONE) . Si il at enabling theageififation [circuit toprowide dne or dioké signais indicate ofcwingtizer ar aot

80 with the higher reference v a 2, wWhich.is far b assi a
current havi &?ﬁ g’?‘ﬁ'& ‘\;ifm&?r] &Jt‘h? g“gﬁ%"ae‘%%'}(igﬁﬁbé??{g@ﬂ%ﬁf‘g% 063{18"@ %Lthe
whi ch is conpeamheéer interfmedifte thSfirsy il SecOMErangesction. |f V.  exceeds V2, which
means the resistance of the link is less than RL, output 82 of conparator
78 will be high (digital ONE). Qutputs 82 and 84 formthe inputs of an AND
gate 86 and of an Exclusive
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9 NOR 'gate 88o¥gsseut put of gate 86 is digital ONE when bot hpdpnudsossy €
df gital ONE, which corresponds to the resistance of the link being | ess -
than RL. The output of gate 88 is digital one when both inputs have the
sanme digital value, which corresponds to the |ink resistance being greater
than or equal to RHor less than [err]. It should be appreciated that from
these 5 two digital outputs, it can be dQ?éBnined whet her the state of the
link is "validly open" (link resistance gfeater than or equal to [err]),
"validly closed" (link resistance less than [err]), or "invalid" (link
resi stance greater than or equal to [err] and |less than RH). Referring to
Figure 2, there is illustrated an enbodi nent of the invention using bi CMOS
“integrated circuit technol ogy. Therein, the sanme reference nunerals are
used for 10 elenents corresponding to the bipolar enbodi mrent shown in
Figure 1. The bi CMOS enbodi nent differs fromthe bipolar enbodinent in the
design of the two level verification current source and in the voltage
measuring section because the low |l evel current |ILAand high |evel current
[err] are sequentially applied through the selectell |Iink under the control
of a strobe signal and the result of conparison of!the resultant two
measurement values with the 15 associated voltagels®ference values [err]
and [err] are latched. As will be seen as the discusSton proceeds, |ow
| evel current IL is produced through the selected |ink when the strobe
signal is low (digital ZERO while high |evel currént [err] is produced
t hrough the selected |ink when the strobe signalié;ngh (digital ONE)
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The switchable two | evel verification current source 132 within each colum
20 . decoder iveodssas@d by a pair of series connected FET's 205 crABdsnosie! 202
has its gate el ectrode connected to output of AND gate 44 turning PET 202
on when the selected colum is decoded by AND gate 44. The gate el ectrodes
204a of FET's 204 are connected together and are fed by line 216 output
from col uim decoders controller 206. Contrgller 206 controls the current
through a FET 218 to selectively add a h@; urrent [err] to the | ow
current IL + Jerr] 25 flowing in the drai'n to source path of FET 218. Line
216, connected to ti@ p ain and gate of FET 216 has a vol tage

whi ch causes FET 204~ in to source current mrroring the
current flow ng i oIeJ;er 206 is responsive to the output of
an NOR gate 208 wg d sT ghe signal on input 210 and the PRO VER
signal on input 212 BicTadds3 veal t ade control | ed current source 214
bet ween vol t age spgu ' ing [err], PET 218 between

line 216 and ground; = ':.Errr"swr'l;e ?cr'be;t,ween B3 and line 216
produci ng t he Iowng s ) “' ilé;ht q@xﬁ'@:r erfigu - into tAY drain
to source path of ﬁ' 238/ whele ol:iage Pw-Lg J3 1978 fve, ¢33 :
i rrespective of the stateMb LM obge sitgrrar-WSrhcy the PRO’VERLa.l.gnaI S
di gital ZERO duri ng fremeeail on(—)e Fp@- —a\{ [FHe-)qi ghal is digital
ZERO, the output oft ____qa';_e__Qg__V\_n_I_I_J p_e__cjl_gl_t_ql____ MWD 95/ 32507

PCT/ 1 B95/ 00339 10 Th currentisource 214 will be of} & solely the current
[err] will flowin the drai Q& u.r.ce path of FET 218y(ggd by current
mrror action, also ﬂtheg Fource path of =~ &

: _ ~

e~ =~

66

{
14b
18
{ Vee
J
162 ¢
14
{
14b

1= P :
:..I......_..l...........é.......... L] a
R : \ S
o e e o O > > 2 S OF e4 e . T [7-)
5\ 7 e
— .
L o~ !
= '
e
‘..".".'.".'.'.'.'.'.'.".’.'.'..‘.'..'.’.’..'.'.".'.'.‘.'.'.’. '''''' ' = E &
[}
| w—a 1 !
s & :: ]
V= w3 H :
I L2
3 .l' 1
] P 8 ... NE8
1 :: !
H 4 !
|| ]
t i) ]
' ' H
] N '
) i) '
: [ X [
comad! !
[ Rpiyiyully Apueipuipuliudiusipulyusiynipdysiysipeipetpslysipipipaips guiprly Spuipdpepeips ] :
[}
1
t
[}
]
]
' '
g E ees :
1
i o o
1 M g
t S
¢ S
Lo s o o o o o0 0 48 R o D T P S v S D G T G D W AR 48 B 4 OP W W W = ]




FET 204. \Wen the strobe signal goes to digital ZERO, the output of NOR
gate 208 wi | Wwodsassob 0 digital ONE turning on upper current sp&,ﬁf\”aﬁﬂgand
thereby adding IHto the current flowing in the drain to source path of FET
218. Current mrror action will cause IHto flowin the drain to source
path of FET 204 in addition to the nuch smaller IL+lI1. For conparing the
nmeasur enment voltage [err] produced when.the strobe signal is high with the
| ower reference value [err], a conparatog 8 is provided which is 10
identical to conmparator 78 in Figure 2 eX€ept that a FET 222 is | ocated for
selectively activating conparator 178 when it is turned on. The gate

el ectrode 222a of FET 222 is fed fromthe out put of NOR gate 208, via an
inverter 234, thereby turning FET 222 o fM t he oyt put of NOR gate 208 is
digital ZERO, which is when the strobe Qgs fot gone to digital ZERO
The output 82 of conparatol 178 is a@ ®Phe({series conbination of an

15 inverter 224 and {3 et-entf ;;22“ p 28 < B‘mad by cross coupl ed
i nverters 230, 232. d -w?‘ &p2 | I t Wo

conpl enentary i nputg ¢ 18 kel Yy puzey_ _____ tgate 208 and the
other via an invertee b A WITE 2215 Ol Sggrtarty, 1or

conpari ng the neasurg [19he [ e nrodiced .._..-ul-- nhe gnial 1S

low wi th the | ower @ PNCE-A ue V2, a conpg-at o83-4+EY i s prowded
20 is identical to Qpr-a-t-o-r-- (-)--1-H-F|-gure-.,=1- @ «p-t--t- t--a~ -+E=F- ?&a

located for selecti Ve a&{ivalPyg cBidar gt TR en ifS's #Faed bh. The
gate el ectrode 236a bpf -o¢" étly ? Y % ﬁ H gate
208, thereby turningl FE&# () out pu 0 Rk i gi t al
ONE, which is when the . - g0 t-o dilgi-t-a R 84 of
conparator 180 is appli. bd_via tBE sqiTes conbinati.on.of ] 24 and
gate 25 elenent 240 to h Iatc% orned b 0 oup 244,
246. Gate el enent 240, '
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(57) Abstract

A PLD with an array of fuse or anti-fuse links includes verification circuitry configured to classify the links into three zonmes,
corresponding to a "closed" state zone of low resistance values, an “open" state zone of high resistance values and a "forbidden" state zone
intermediate the “closed" and "open" state zones, Because the ratio between the higher and lower resistance value is typically 200, the
verification circuitry includes a switchable two level current source that produces a voltage across the link of correct dynamic range.




REPLACEMENT SHEET 12 CLAIMS: 1. An el ectronic circuit conprisemg: - a
“menory array of programrable el enents, each el enment having an el ectrica
property which is describable by a resistance and which is alterable from «
an unprogramed condition to a programred condition in response to an
application of energy directed to 5 the elenment, wherein the resistance
has a first value lying in a first range of values when the elenent is
unprogramred, and a second value lying in a second range of val ues when the
el ement is successfully programmed; .- verification neans for selectively
and reversibly including a selected one of. the elenents in a verification
circuit, the verification neans conprising: 10 - a current source
connectable to the sel ected elenment and operative to supply first or second
currents to the selected elenment to create a voltage across the sel ected

el ement, the first current being substantially greater than the second
current; - conparator neans coupled to the selected el enent for .conparing
the voltage to first and second reference voltages indicative of the first
and second ranges, respectively, and for 15 providi ng conparator out put
signals representative of the conparison; characterized in that the
verification nmeans conprise - |logic.gate neans coupled to the conparator
means for providing one or nore signals on the basis of the conparator

out put “signals, the current source being operative to produce the first
current or the second current as 20 a function of whether the sel ected

el enent has a resistance | ess than or equal to a | ower
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- verification means for selectively and reversibly including a selected one of the elements
in a verification circuit, the verification means comprising:

- a current source connectable to the selected element and operative to supply first or second
currents to the selected element to create a voltage across the selected element, the first
current being substantially greater than the second current;

- comparator means coupled to the selected element for comparing the voltage to first and
second reference voltages indicative of the first and second ranges, respectively, and for
providing comparator output signals representative of the comparison;

characterized in that the verification means comprise

- logic gate means coupled to the comparator means for providing one or more signals on
the basis of the comparator output signals,

the current source being operative to produce the first current or the second current as a
function of whether the selected element has a resistance less than or equal to a lower
reference value or whether the selected element has a resistance greater than or equal fo a
‘higher reference value, respectively.

2.  The circuit of claim 1, wherein the verification means is operative to provide the one
or more signals indicative of the value of the parameter of the selected element lying in a
specific one of the first, second and forbidden ranges.

3.  The circuit of claim 1 or 2, wherein a ratio of the first and second currents is in the

order of magnitude of fifty.
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CLAIMS:

1.  An electronic circuit comprising:

- a memory array of programmable elements, each element having an electrical property

which is describable by a resistance and which is alterable from an unprogrammed

condition to a programmed condition in response to an application of energy directed to
5 the element, wherein the resistance has a first value lying in a first range of values when

the element is unprogrammed, and a second value lying in a second range of values when

the element is successfully programmed;

- verification means for selectively and reversibly including a selected one of the
elements in a verification circuit, the verification means comprising:

\»_’ 10 -a current source connectable to the selected element and operative to supply first or
second currents to the selected element to create a voltage across the selected element,
the first current being substantially greater than the second current;

- comparator means coupled to the selected element for comparing the voltage to first and
second reference voltages indicative of the first and second ranges, respectively, and for
15 providing comparator output signals representative of the comparison;
characterized in that the verification means comprise

- logic gate means coupled to the comparator means for providing one or more signals

on the basis of the comparator output signals,

the current source being operative to produce the first current or the second current as
20 a function of whether the selected element has a resistance less than or equal to a lower

reference value or whether the selected element has a resistance greater than or equal to

a higher reference value, respectively.

2.  The circuit of ¢laim 1, wherein the verification means is operative to provide the
one or more signals indicative of the value of the resistance of the selected element lying
25 in a specific one of the first, second and forbidden ranges.

3.  The circuit of claim 1 or 2, wherein a ratio of the first and second currents is in
the order of magnitude of ﬁfty



