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CIRCUIT WITH INTERCONNECT TEST UNIT AND A METHOD OF TESTING INTERCONNECTS BETWEEN A FIRST 

AND A SECOND ELECTRONIC CIRCUIT 

The invention relates to an electronic circuit comprising: a plurality of 

input/output (l/O) nodes for connecting the electronic circuit to a further electronic circuit via 

interconnects, a main unit for implementing a normal mode function of the electronic circuit, 

and a test unit for testing the interconnects, the electronic circuit having a nonnal mode in 

5 which the l/O nodes are logically connected to the main unit and a test mode in which the l/O 

nodes are logically connected to the test unit. 

The invention further relates to a method of testing interconnects between a first 

electronic circuit and a second electronic circuit, the first electronic circuit comprising a main 

unit implementing a normal mode function of the first electronic circuit, and a test unit for 

10 testing the interconnects, the method comprising the steps of logically connecting the test unit 

to the interconnects, and putting test data on the interconnects by the second electronic circuit. 

Such a circuit is known from "Boundary-scan test, a practical approach", H. 

Bleeker, P. van den Eijnden and F. de Jong, Kluwer, Boston, 1993, ISBN 0-7923-9296-5, 

Figures 1-19, which shows an integrated (IC) in accordance with the boundary-scan test 

15 standard IEEE Std. 1149.1. The known circuit has a main unit or core logic that is responsible 

for providing some arbitrary specified function in a normal mode of the circuit. The known 

circuit further has a test unit for in a test mode performing an interconnect test, i.e. a test 

whether the circuit is pr,operly connected to a further circuit via its 1/0 nodes or IC pins. 

Efficient interconnect test of miniaturised and/or co�plex circuit assemblies is a necessary 

20 part of the production process of such assemblies. The boundary-scan test technique is 

accepted as standardised solution for interconnect test. It is available in most of the leading 

· microprocessor families and is supported for in-house developed application specific !Cs

through automated tools in the IC design process.

The test unit of the known boundary-scan circuit includes a test control unit or 

25 Test Access Port controller and a shift register or boundary-scan register along the circuit 

boundary, cells of the shift register being connected to·VO nodes c�rresponding to the 

interconnects to be tested. The test control unit has a state machine controlling states of the 

shift register, examples of such states being a shift state for shifting in/out data into the shift 

register and a capture state for capturing data originating from the interconnects into tlie shift 

CONFIRMATION COPY 
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register. The shift register is accessible from outside the circuit via a Test Data In (TOI) node 

and a Test Data Out (TOO) node. A Test Clock signal (TCK) and a Test Mode Select signal 

(TMS) are provided from outside the circuit to the test control unit for stepping through the 

various �tates. In the normal mode of the known circuit, the 1/0 nodes are logically connected 

5 to the main unit, thereby allowing the circuit to perfonn its nonnal mode function. In the test 

mode of the known circuit, the 1/0 nodes are logically connected to the test unit, thereby 

giving the test unit access to the interconnects. 

Provided that also the further circuit is equipped with a test unit in accordance 

with the boundary-scan test standard, the interconnects between the two circuits can be tested 

10 according to the standard boundary-scan test method. Hereto, appropriate test data is first 

shifted into the shift registers of the two circuits and is subsequently applied to the 

interconnects. Then, response data originating from the interconnects is captured into the shift 

registers and subsequently shifted out of the shift registers for observation. From the response 

data it can be determined whether the circuits are properly interconnected. For a single 

15 interconnect this means that to one of its ends a signal is applied and at the other end it is 

observed whether that signal is transmitted. In this way, an open circuit in an interconnect can 

be found. Additionally, a nwnber oftest patterns will be applied to the interconnects in order 

to check for short-circuits between neighbouring interconnects, or between an interconnect 

and a power supply line. Essentially, interconnect testing comes down to applying test data to 

20 one end of an interconnect and observing response data at another end, in such a way that open 

circuits and short circuits are detected. 

A problem with the boundary-scan approach is that for some circuits pin count 

and pin compatibility considerations inhibit the addition of extra pins to a circuit design for the 

TCK, TMS, TOI, TOO and the optional TRSTN signals. Moreover, the price-pressure in some 

25 semiconductor fields is such that it is considered to be too expensive to reserve area for 

interconnect test of the size as required by boundary-scan circuitry. 

It is an object of the invention to provide a circuit as specified in the preamble, 

that allows interconnect testing with reduced overhead in terms of required 1/0 nodes and/or 

30 area. This object is achieved according to the invention in an electronic circuit, which is 

characterised in that in the test mode the test unit is operable as a l�w complexity memory via 

the 1/0 nodes. Low complexity memories are those memories that do not have to be put 

through a complex initialisation process before they can be accessed, and that have simple 

access protocols without dynamic restrictions. Such a test unit enables an alternative procedure 
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for applying test data to one end of an interconnect and observing response data at the other 

end. If the low complexity memory has a read-only character and holds pre-stored test data.at 

a nwnber of addresses, the test unit produces this pre-stored test data at its side of the 

interconnects when address data and appropriate control data are applied to it by the further 

. 5 circuit via the interconnects. The further circuit then receives response data, which should be 

·identical to the pre-stored test data. In this way, both the interconnects that are used to carry

the address and control data and the interconnects that are used to carry the pre-stored data

itself are tested. It is important that particular input data for the test unit, i.e. the address, result

in output data from the test unit that are known a priori, i.e. the stored data. If the low

10 complexity memory allows both read and write access, the further circuit can apply test data to 

its side of the interconnects in a write mode of the test unit, thereby storing the test data in the 

test unit. In a subsequent read mode of the test unit, the further circuit can read back response 

data. 

Whether the test unit has a read-only or a read/write behaviour, it does not need 

15 a state machine like the boundary,scan state machine and can therefore be implemented 

consuming less area. Moreover, the simple operation of the test unit allows less pins or even 

no pins at all to be reserved for controlling the test unit in the test mode. For both a read-only 

· and a read/write test unit, a subset of the interconnects is used as a data bus for exchanging the

storage data. At least in the cll;Se that the test unit has a read/write behaviour, a further subset

20 of the interconnects is used as a control bus, including, for example, control lines for 

. controlling the read and/or write process. At least in the case that the test unit has a read-only 

behaviour, a still further subset of the interconnects is used as an address bus for selecting the 

storage location to read from. An important aspect of the invention is that one is free how to 

map the data bus, the control bus and/or the address bus on the interconnects to be tested. 

25 Access to the control bus, the address bus, and the data bus during test mode 

could be provided, for example, via boundary-scan circuitry of the further circuit. Then, with 

·ordinary boundary-scan test equipment, data can be shifted in and out of the further circuit. In

this way, data to be supplied to the control bus and/or the address bus and data returned by the

test unit on the data bus can be handled. As a further example, if the further circuit is a

30 programmed microprocessor or Application-Specific IC (ASIC), the further circuit could 

perform the interconnect test in a stand alone fashion, without the n_eed for external equipment

for feeding the further circuit with the test data and for evaluating the response data. It is noted 

that the further circuit alternatively could consist of two or more separate circuits, together 

operating the test unit as a low complexity memory. 
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An embodiment of the electronic circuit according to the invention is defined in 

Claim 2. A Read-Only Memory (ROM) is a_suitable device for holding the data required by 

the interconnect test. When control data, in the form of an address and, if necessary, a limited 

number of further control signals, is applied to the circuit, the ROM outputs data pre-stored at 

5 that address on the data bus. It will be clear that in this way both the data bus, the address bus 

and, if present, the control bus are tested. A small number of test patterns pre-stored in the 

.ROM would normally suffice for an interconnect test capable of detecting open circuits in 

interconnects and short circuits between interconnects. It will further be clear that for the test 

unit being operable as a low complexity memory, it is not required that the test unit is 

10 implemented as a real ROM table. Especially if only a small number oftest patterns is used, 

the test unit could be implemented as a combinatorial circuit, leading to mo.re efficient area 

usage. 

An embodiment of the electronic circuit according to the invention is defined in 

Claim 3. In relation with such a read/write register, the control bus at least controls whether 

15 the register is in a read mode or in a write mode, and the data bus is used for both supplying 

the data to be written to the test unit and for receiving the data to be read back from the test 

unit. In this embodiment, no address bus is needed since only a single register is used. 

An embodiment of the electronic circuit according to the invention is defined in 

Claim 5. The test circuit of this embodiment requires comparatively little area of the substrate 

20 on which it is manufactured. Furthermore, it enables to test the interconnects in a single type 

of test and with a very good test coverage, i.e. a small set of patterns suffices to detect the 

possible defects in the interconnects. Furthermore, the diagnostic resolution of the test is very 

good since almost all faults have a unique signature. 

High complexity memory devices are those devices which have complex 

25 protocols for reading from and writing into their memory array. Therefore, as opposed to low 

complexity memories, high complexity memories are not suited as test units for interconnect 

testing, as the process of exchanging data is too complex and therefore takes too much time. 

Examples of high complexity memory devices are Synchronous Dynamic Random Access 

memories (SDRAMs) and non-volatile memory like flash memory devices. Besides complex 

30 access protocols, high complexity memories often need initialisation and have dynamic 

restrictions. The initialisation is troublesome for testing because (al�ost) all control lines and 

address lines have to be connected correctly to succeed in initialisation. Although interconnect 

problems with control and address lines can be detected because the failing initialisation will 
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block all access to the devices, the diagnosis of the failure, i.e. exactly which of the pins is not 

connected correctly has a very low resolution. 

The dynamic restrictions of SDRAMs, usually identified by the refresh time 

and the maximum RAS pulse width, hamper interconnect test because the test patterns (i.e. 

5 writing into and reading from the memory array) have tp meet the dynamic requirements. The 

speed of application of test patterns using a boundary-scan circuit is determined by the length 

of the boundary-scan register and the maximum test clock frequency. The test clock frequency 

is determined either by the circuit implementation of the boundary-scan circuit in the I Cs on 

the board or by the maximum speed of the boundary-scan tester, 

10 For these reasons, high complexity memories form a class of circuits that could 

very well benefit from adding a low complexity memory for enabling efficient interconnect 

testing. This is especially true because boundary-scan is hardly available in memory devices 

due to pin count and/or pin compatibility considerations. 

An embodiment of the circuit according to the invention is described in Claim 

15 6. This particular way of activating the test mode is possible because in most SD RAMs the 

first action to be performed after power up is prescribed to be a write action. Thus at power up, 

by utilising the read action for activating the test mode, the nonnal operation of the SD RAM is 

not effected. As an alternative, the circuit in accordance with the invention can be brought into 

test mode via a particular combination of input signals on the 1/0 nodes, or via a dedicated 

20 node that is dedicated to this function. 

Non-volatile memories like flash memory devices hamper interconnect test, 

because writing into the memory array for test purposes is not allowed when the device is 

already pre-programmed. This test would destroy the functional data. An un-programmed 

device can be written into but has to be erased afterwards. Erasure of large memory blocks can 

25 take up to several seconds, lengthening considerably the board interconnect test. 

By including a test unit in accordance with the invention, high complexity 

· memories, including non-volatile memories, can undergo an efficient interconnect test. One

could use the normal mode data bus, address bus and/or control bus for the test mode as well.

To also test interconnects that provide signals that are specific for the high complexity

30 memory functionality, and therefore are not needed to control the test unit in the test mode, 

either the data bus or the address bus can be extended with these i�terconnects. The invention 

enables interconnect testing using test patterns which take only milliseconds to execute and for 

which test pattern generators are commercially available. 
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Low complexity memory· types like Static Random Access Memories (SRAMs) 

and (Programmable) ROMs can readily be tested for their connectivity using neighbouring 

circuhs equipped with boundary-scan or neighbouring microprocessors and/or ASICs. For 

interconnect tes�g of such low complexity memories no extra measures in the fonn of added 

5 test units have to be taken. 

It is a further object of the invention to provide a method as specified in the 

preamble, which perfonn·s the interconnect test with reduced overhead in tenns of required 1/0 

nodes and/or area. This object is achieved according to the invention in a method, which is 

characterised in that the putting step comprises operating the first electronic circuit as a low 

10 complexity memory by the second electronic circuit. 

Although the invention is presented in the context of boundary-scan testing, 

which mainly applies to testing interconnects between !Cs on a carrier, such as a printed 

circuit board (PCB), the principles of the invention are equally applicable to the testing of 

interconnects between any two circuits, such as interconnects between cores within a single IC 

15 or interconnects between ICs on distinct PCBs that are inserted into a cabinet. 

20 

25 

The invention and its attendant advantages will be further elucidated with the 

aid of exemplary embodiments and the accompanying schematic drawings, whereby: 

Figure I shows an embodiment of a circuit in accordance with the invention, 

Figure 2 shows a way to provide access during interconnect test to a circuit that 

is testable in accordance with the invention, 

Figure 3 shows a further way to provide access during interconnect test to a 

circuit that is testable in accordance with the invention, 

two outputs. 

Figure 4 shows an alternative embodiment of the invention, 

Figure 5 schematically shows the test unit for five inputs and two outputs, and 

Figure 6 schematically shows an alternative for the test unit for five inputs and 

Corresponding features in the various Figures are denoted by the same 

30 reference symbols. 

Figure 1 shows an embodiment of a circuit 100 in accordance with the 

invention. The circuit 100 has 1/0 nodes 130, 140, through which the circuit 100 is 

connectable to external circuits. An I/O node may be an input node, i.e. a node only suitable to 
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receive signals, an output node, i.e. a node only suitable to send signals, or a bi-directional 

node, i.e. a node suitable to either receive or send signals. For perfonning its intended nonnal 

mode function, the circuit 100 has a main unit 110, which is, by way of example, assumed to 

be an SDRAM. Thus, the circuit 100 is in fact an SDRAM device. It is further assumed that 

5 the circuit 100 is part of an assembly, whereas interconnects between the circuit 100 and 
further-parts of the assembly should be testable. Hereto, the circuit 100 has a test unit 120, 

which is connected to the main unit 110 via n parallel connections and to the I/0 nodes 130. In 

a nonnal mode of the circuit 100, the test unit 120 is transparent, and signals can pass freely 

between the 1/0 nodes 130 and the main unit 110. In a test mode of the circuit 100, the main 

10 unit 110 is logically disconnected from the 1/0 nodes 130 and the test unit 120 is in control. It 

is noted that preferably, but not necessarily, all 1/0 nodes are arranged for interconnect testing. 

To indicate this, the 1/0 nodes 140 are not connected to the test unit 120, and therefore, the test 

unit 120 does not offer testability for interconnects corresponding to these 1/0 nodes 140. 

SDRAM devices have a highly standardised pin lay-out. Figure 1 does not give· 

IS· an exact representation of such a pin-layout, but it schematically shows which 1/0 nodes are 
generally present on an SD RAM device. The circuit 100 has a data bus D0-D3, an address bus 

AO-All, and a control bus including a Chip Select pin (CSn), an Output Enable pin (OEn), 
Write Enable pin (WEn), Clock pin (CLK), Clock Enable pin (CKE), Row Address Strobe pin 

(RAS), Column Address Strobe pin (CAS), and Data 1/0 Mask pins (DQML and DQMH). 

20 The precise functions of these pins are not relevant for the invention. However, the 

standardised pin lay�out obstructs the addition of boundary-scan circuitry because of the 

required extra pins. Another reason for not using boundary-scan for interconnect testing of 

devices like circuit 100 is the enormous pressure on cost. As a result, the IC area available for 

extra features like interconnect testing is very limited. In accordance with the invention, as an 

25 alternative to an ordinary boundary-scan test unit, the test unit 120 is operable as a low 

complexity memory. Such a test unit can be implemented very efficiently in terms of IC area 
and requires less or even zero extra pins. 

A low complexity memory can have a read-only behaviour or a read/write 
behaviour. In accordance with the invention, a test unit has either kind of behaviour, or both 

30 kinds of behaviour in subsequent phases of an interconnect test. In the circuit 100, during a 

first part of a preferred interconnect test, the test unit 120 has a read�only behaviour and during 

a subsequent second part of the interconnect test, the test unit 120 has a read/write behaviour. 

This two-step approach enables a thorough interconnect test that is especially suited for 
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SDRAM� like the circuit 100. The first part of the interconnect test aims at testing the address 

bus of the circuit 100 and is functionally described by: 

1. After power up of the circuit I 00, a test mode is active which allows read

5 access to the test unit 120. The test unit 120 is then operable as a ROM table. Alternatively,

the test mode is activated by other means, such as a particular combination or sequence of

signals applied to the 1/0 nodes 130, 140 of the circuit 100.

2. Read access to the test unit 120 is controlled by CSn=O, OEn=0 and WEn=l,

and validated by a defined edge of the CLK and active level of the clock enable CKE.

10 3. The test unit's ROM table is addressed by the 'extended' address bus which is 

defined as the actual address bus, extended with the control signals RAS, CAS, DQML and 

DQMU.

4. The width of the ROM table is equal to the width of the data bus plus possible

additional outputs of the circuit 100.

15 5. Each of the primary addresses (all but one address bits equal to '0', one ad.dress

bit equal to 'l ') reads the all 'l' data word. All other extended addresses read the all '0' data

word.

The table below shows the contents of the ROM table for the SDRAM device 

20 of circuit 100, with 12 bit wide address bus, RAS, CAS, DQML and DQMU and four data 

pins. 

IPR2021-01488 
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extended address data buf 

bus 

AAAAAMAAAAARCDD DODD 

119876543210AAQQ 3210 

10 SSMM 

LH 

0000000000000001 1111 

0000000000000010 1111 

0000000000000100 1111 

0000000000001000 1111 

0000000000010000 1111 

0000000000100000 1111 

0000000001000000 1111 

0000000010000000 1111 

0000000100000000 1111 

0000001000000000 1111 

0000010000000000 1111 

0000100000000000 1111 

0001000000000000 1111 

0010000000000000 1111 

0100000000000000 1111 

1000000000000000 1111 

'any other address' 0000 

With the above described functional behaviour of the circuit 100 after power 

up, an efficient test for the extended address bits consist of just reading all primary addresses 

5 ( 16 in the above case) and one other address. The test sequence covers the following faults: 

1. any stuck-at 1 on an extended address pin

2. any stuck-at O on an extended address pin

3. any 2-net AND-type short between any pair of address pins

4. any 2-net OR-type short between any pair of address pins

10 5. any stuck-at 1 on a data pin
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6. any stuck-at O on a data pin

An interconnect with a stuck-at f11:ult remains at either logic high or logic l�w. 

n<;> matter what signals are applied to it· A 2-net AND-type short between a first and a second 

interconnect causes the two interconnects to cany the same logic value as detennined by either 

. 5 one of the interconnects. A 2-net OR-type short between a first and a second interconnect 

causes the two interconnects to �arry complementary logic values as determined by either one 

of the interconnects. 

The above test sequence provides a diagnostic resolution down to a single pin. 

Note that th.is test concept is independent from the number of extended address lines or the 

10 · number of data lines, nor is there any relation asswned between the two numbers. 

The second part of the interconnect test aims at testing for shorts between the 

interconnects making up the data bus, and is functionally described by: 

1. Write access is provided to a command register, which is loaded with the value of the

15 ( actual) address bus. 

20 

25 

2. There will be a certain combination of address bits, which, after being loaded into the

aforementioned command register, select a single write/read register that logically fonns part

of the test unit, with a width equal to the width of the data bus. This combination of address

bits is to be detennined by the manufacturer of the device and to be specified in the data sheet.

This single write/read register can then be used to write data and read data. 

Algorithms are available to generate a minimal set of test patterns which cover all AND-type 

and OR-type shorts between any pair of data lines. The table below shows a set of test patterns 

for a 16-bit wide data bus. 

DDDDDDDDDDDDDDDD 

1111119876543210 

543210 

1111100000000000 

0000011111100000 

1110011100011000 

1001011010010110 

1100110011001100 

0101010101010101 
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For dynamic memory devices, like the circuit 100, the above described two 

parts of the interconnect test have read and write access to the test unit which is not affecte.d 

with any dynamic requirements. It will be clear that many variants can be imagined to either 

part. Moreover, one c·an also choose to·implement only one of the above described two parts 

5 of the interconnect test. For flash devices, for example, the first part of the interconnect test is 

applicable for unprogrammed devices. The manufacturer may choose not to offer this facility 

for already programmed devices, to accomplish compatibility with EPROM devices (these 

access the main memory array when a first read is done after power up). 

As mentioned above, the mechanism for switching the circuit from the normal 

10 mode into the test mode may be implemented in different ways. In the SD RAM embodiment, 

the circuit is brought into the test mode by performing a read action after power up. Such a 

read action after power up, is a special action which does not form part of the normal actions 

for the circuit and has been given the special meaning of a command for switching into the test 

mode. In general, any pattern or sequence of patterns applied to one or more 1/0 nodes of the· 

15 circuit can be given the special meaning ofa command for going into test mode, provided that 

this pattern or sequence is not used in the normal mode of the circuit. An alternative is to 

provide the circuit with a dedicated test control node, in addition to the 1/0 nodes, to control 

whether the circuit is to behave in the normal operational mode or in the test mode. The actual 

signal value on the test control node, in relation with predefined values corresponding to the 

20 respective modes, brings the circuit into the desired mode. 

Figure 2 shows a way to provide access during interconnect test to a circuit 200

that is testable in accordance with the invention. The circuit 200 includes a test unit 205 that is 

operable as a low complexity memory. A neighbouring circuit 210, which has boundary-scan 

circuitry, can provide data to and receive data from the circuit 200 via a control and address 

25 bus 220 and a bi-directional data bus 230. Alternatively, when only a ROM behaviour is 

implemented in the test unit 205, the data bus 230 would be uni-directional, i.e. from the 

·circuit 200 to the circuit 210 ..

A number of interconnects make up the control and address bus 220 and the 

data bus 230. The function of these interconnects during a normal mode is irrelevant for the 

30 invention. When the circuit 200 is a memory device, there will also be a 'nonnal mode data 

bus'. The 'test mode data bus' 230 could partly or completely coinci_de with the nonnal mode

data bus. The same applies to the control and address bus 220.

Via a boundary-scan chain 240 data is shifted into circuit 210, that data making 

up read and/or write commands to be supplied to the circuit 200. After a read commaml, the 
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boundary-scan chain 240 captures data supplied to the data bus 230 by the circuit 200. That 
data subsequently are shifted out to bi;: analysed externally. 

Figure 3 shows a further way to provide access during interconnect test to a 
circuit 300 that is testable in accordance with the invention. The circuit 300 includes a test unit 

5 305 that is operable as a low complexity memory via control and address bus 320 and data bus 
330. A neighbouring circuit 310, which is a microprocessor, executes the program with the
necessary read �d ·write commands. The test program and the test data are stored in· a memory
340 of the circuit 310. Preferably, the circuit 310 also analyses the data obtained from the
circuit 300. The circuit 310 could alternatively be an ASIC.

10 The above presented design-for-test method does not require any additional 
pins to the device for test access, meeting pin count and pin compatibility r�quirements of this 
type of memories. Silicon area overhead is limited to the (small) ROM table, or functional 
equivalent, the read/write data register {possibly to be combined with existing logic) and the 
associated decoding logic. Standardisation of this approach by a body like EIS or JEDEC 

15 would ensure compatibility between devices from different manufacturers. 
Boundary-scan is the preferred design-for-test method for testing interconnects 

on assemblies with ICs. It can be used to efficiently test all interconnects between devices with 
boundary-scan circuitry implemented. It can also be used directly to apply test patterns for low 
complexity memory devices. If the above described design-for-test method is implemented in 

20 complex memory devices, then also these devices can efficiently be tested using boundary 
scan access, without restrictions from dynamic requirements, initialisation issues and erasure 
issues for non-volatile devices. The described interconnect test approach does not need 

additional test pins, and only requires little silicon area. 
Figure 4 shows an alternative embodiment of the invention. In the same way as 

25 described above, the circuit 402 of which the interconnects are to be tested has a main unit 404 
and a test unit 406. The main unit 404 is active in the normal operational mode of the circuit 

and the test unit is active in the test mode of the circuit. The interconnect test in this 
embodiment is functionally described by: 

30 1. After power-up of the circuit 100, the test mode can be activated, which allows read access 

to the test unit 120. The test unit 120 is then operable as a ROM tab�e. Alternatively, the test 
mode is activated by other means, such as activating a particular pin. Alternatively, a 

particular combination or sequence of signals applied to the 1/0 nodes 130, 140 of the circuit 
100 may activate the test mode. ·•
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2. Read access to the test unit 120 is controlled by CSn=O, CASn=O and CKE=O, followed by

CKE=l. 

5 3. The test wut's ROM table function is addressed by the 'extended' address bus which is

defined as the actual address bus, extended with the remaining control signal inputs (in case of

a typical 64M SDRAM example: AO- Al2, RASn, CLI<., Wen, DQMO - DQM3).

4. The width of the output table is that of the extended data bus,.all pins of the device which

10 are used as output, when in test mode. (In case of a typical 64M SD RAM example: DQO -

DQ31 ). (In case of a Flash device, Databus including the read/busy pin). 

5. During test mode the respective extended data bus extended address bus may be changed.

ts· 6. Each of the primary addresses and the all '0' and all '1' input read an implementation defined

data word. All other address values read results different from these.

For the purpose of the interconnect test, the pin.s of circuit 402 are divided into 

3 groups: a control bus 408 ofp bits wide, an input bus 410 ofn bits wide and an output bus 

20 412 of m bits wide. The control bus is used to set the circuit into the test mode. A single line 

control bus may be used, i.e. one pin whose actual signal value determines whether the circuit 

is set in the test mode or in the normal operational mode. Or a number of lines may be used, 

whereby a specific combination of signals applied on the respective pins sets the circuit into 

the test mode. The remaining input pins of the circuit are grouped into the input bus. The 

25 output pins of the circuit and the bi-directional pins of the circuit are grouped into the output 

bus. As an alternative, one or more of the bi-directional pins can be grouped into the input bus. 

The test unit 406 of this embodiment is a combinatorial circuit between the 

input bus 410 and the output bus 412. This circuit implements the functionality of a ROM 

table. The design of the combinatorial circuit is based on the following rules: 

30 1. Each output signal is an exclusive-nor function of two or more input signals; 

2. There are no two output signals that depend on the s_ame set of input signals;

3. Each input signal contributes to at least one exclusive-nor function forming an

output signal.
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The example below is a description of the test unit for an input bus of five bits and an output 

bus of two bits. The description is given in the standard language Verilog. 

module en5_2 (ol, o2, il, i2, i3, i4, iS) ; 

endmodule 

output 01, o2; 

input il, i2, i3, i4, iS; 

xnor #1 (ol, il, i2); 

xnor #1 (o2, i3, i4, iS); 

Example 1 A test unit with five inputs and two outputs 

The first line indicates that a new module starts and specifies the signals of that module. The 

10 second and third line indicate the output and input signals respectively. The fourth line defines 

the relation between the output signal ol and the input signals i1 and i2 by means of the 

Verilog primitive xnor, which implements the exclusive-nor function. The '#1' symbol 

indicates that the output of the xnor primitive is available after 1 cycle of a simulator 

simulating this module. 

15 Figure 5 schematically shows the test unit for five inputs and two outputs. This 

f
i

gure corresponds with the example above. The test unit 406 has a two-input XNOR gate 502 

which implements the required exclusive-nor function between o 1 and i 1 and i2. The test unit 

further has a three-input XNOR gate 504 which implements the exclusive-nor function 

· between the input pins i3, i4 and i5 and the output pin o2.

20 Another example of the test unit is given below. In this example, the test unit 

has five inputs and five outputs. 
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module ens s (ol, 02, o3, 04, oS, il, i2, i3, i4, iS); 

output ol, 02, 03, 04, oS; 

5 input il, i2, i3, i4, iS; 

xnor #1 (ol, il, i2) ; 

xnor #1 (02 il, i3) i 

xnor #1 (o3, il, i4) i 

10 xnor #1 (04, il, iS) ; 

xnor #1 (oS, i2, i3) ; 

endmodule 

15 · Example 2 A test unit with five inputs and five outputs 

For a given test unit, there must be enough input pins to feed the outputs while adhering to the 

rules stated above. In the general case of n inputs, a theoretical number of2n possible 

combinations of exclusive-nor functions can be obtained. Given the purpose of testing the 

20 interconnects however, the n exclusive-nor functions with one input have to be excluded as 

well as the exclusive-nor function with zero inputs. This means that in order to feed m outputs, 

the following relation must be met: 

25 

So for example five inputs are enough to feed as many as 26 outputs, while adhering to the 

· rules for implementing the test unit according to this embodiment.

For performing the interconnect test as described above, the patterns that are 

applied to the inputs are the: 

30 a pattern with all Os 

n patterns with a 'walking' I 

a pattern with all 1 s 

n patterns with a 'walking' 0 

The following table gives the patterns for Example 1 and the required outputs. 
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pat•tern iiiii 00 

number 12345 12 

1 00000 ll 

2 10000 01 

3 01000 01 

.4 00100 10 

5 00010 10 

6 00001 10 

7 11111 10 

8 01111 00 

9 10111 00 

10 11011 · 11 

11 11101 11 

12 11110 11 

So a combination of bits given in the second column of the table applied on the input pins of 

the test writ gives on the output pins a signal as specified in the corresponding element of the 

5 third column. The following table gives the input test patterns and the corresponding outputs 

for Example 2. 

.. 
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pattern iiiii 00000 

number 12345 12345 

l 00000 lllll

2 10000 00001 

3 01000 01110 

4 00100 10110 

5 00010 11011 

6 00001 11101 

7 lllll lllll 

8 01111 00001 

9 10111 01110 

10 11011 10110 

11 11101 11011 

12 11110 11101 

A third example of the test unit similar to example 1 above, but now implemented with xor 

5 primitives is given below. 

module exs 2 (ol, o2, il, i2, i3, i4, iS); 

endmodule 

output ol, o2; 

input il, i2, i3, i4, iS; 

xor #1 (ol, il, i2, i3); 

xor #1 (o2, i3, i4, iS); 

10 Example 3 A test unit with five inputs and two outputs using xor primitives 

·•
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CLAIMS: 

19 

An electronic circuit (100) comprising: 

PCT/1899/00172 

a plurality of input/output (J/0) nodes (130) for connecting the electronic circuit to a further 

electronic circuit via interconnects, 

a main unit (110) for implementing a nonnal mode function of the electronic circuit, 

5 and a test unit (120) for testing the interconnects, 

the electronic circuit having a normal mode in which the 1/0 nodes (130) are logically 

connected to the main unit (110) and a test mode in which the 1/0 nodes (130) are logically 

connected to the test unit (120), 

characterised in that in the test mode the test unit (120) is operable as a low complexity 

10 memory via the 1/0 nodes (130). 

2. An electronic circuit (100) as claimed in Claim 1, wherein the test unit (120)

comprises a Read Only Memory (ROM). 

15 3. An electronic circuit (100) as claimed in Claim 1, wherein the test unit (120)

comprises a read/write register. 

4. An electronic circuit (402) as cl� in Claim 1, wherein the test unit (406)

comprises a combinatorial circuit (502) implementing an XNOR function and being connected 

20 to the 1/0 nodes. 

5. An electronic circuit (402) as claimed in Claim 4, wherein a first selection (410)

of the I/0 nodes are arranged to carry respective input signals and a second selection (412) of 
\ 

the 1/0 nodes are arranged to carry respective output signals and wherein the test unit ( 406) is 

25 arranged according to the following rules: 

each output signal results from an XNOR function having at least two input signals, 

each output signal is dependent on a unique subset of the input signals, 

each input signal contributes to at least one output signal via a particular XNOR function. 
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6. An electronic circuit (402) as claimed in Claim 1, wherein the test unit (406)

comprises a combinatorial circuit (602) implementing an XOR function and connected to the 

1/0 nodes. 

5 7. An electronic circuit (100) as claimed in Claim l, wherein the main unit (110)

is arranged to bring the electronic circuit (100) into the test mode on receipt via a subset of the 

1/0 nodes (130) of a predefined pattern or sequence of patterns. 

8. An electronic circuit (100) as claimed in Claim 1. wherein the electronic circuit

10 is provided with a test control node and wherein the electronic circuit is arranged to switch 

into the test mode on the basis of a signal value on the test control node. 

9. An electronic circuit as claimed in Claim 1, wherein the main unit is a

Synchronous Dynamic Random Access Memory (SDRAM) and the test mode is activatable 

15 by a read action following power up of the electronic circuit. 

An electronic circuit (100) comprising: 

a plurality of input/output (1/0) nodes (130) for connecting the electronic circuit to a further 

electronic circuit via interconnects, 

20 a main unit (110) for implementing a normal mode function of the electronic circuit, 

and a test unit (120) for testing the interconnects, 

the electronic circuit having a normal mode in which the 1/0 nodes (130) are logically 

connected to the main unit (110) and a test mode in which the 1/0 nodes (130) are logically 

connected to the test unit (120), 

25 characterised in that the test unit comprises at least one combinatorial circuit (502) 

implementing an XNOR function with at least two function inputs and a function output, the 

· function inputs being connected to particular 1/0 nodes arranged to operate as input nodes of

the test circuit and the function output being connected to a particular 1/0 node arranged to

operate as output node of the test circuit.

30 

11. A method of testing interconnects between a first ele9tronic circuit (100) and a

second electronic circuit (210), the first electronic circuit (100) comprising a main unit (110) 

implementing a normal mode function of the first electronic circuit, and a test unit (120) for 

testing the interconnects, the method comprising the steps of 
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logically connecting the test unit (120 ) to the interconnects, and 

putting test data on the interconnects by the. second electronic circuit (210), 

characterised in that the putting step comprises operating the first electronic circuit (100) as a 

low complexity memory by the second electronic circuit. 

12. A method as claimed in Claim 11, wherein the test data comprises an address,

· the method further comprising the step of generating response data on the interconnects by the

first electronic circuit (100), the response data being previously stored in the first electronic

circuit (100) at the address.

13. A method as claimed in Claim 12, wherein the test data comprises write data

and the putting step comprises storing the write data in the first electronic circuit ( 100), the 

method further comprising the step of reading back the stored write data by the second 

electronic circuit. 
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Preliminary Amendment 
.. 

for Divisi nal Application filed herewith 

IN THE UNITED STATES 
PATENT AND TRADEMARK OFFICE 

Appl. No. 

Applicant(s) 

Filed 

TC/AU. 

Examiner 

Atty. Docket 

DE JONG et al. 

Herewith 

2857 (in parent) 

Craig MILLER (in parent) 

N-17203-A

Title: CIRCUIT WITH INTERCONNECT TEST UNIT AND 
A METHOD OF TESTING INTERCONNECTS 
BETWEEN A FIRST AND A SECOND 
ELECTRONIC CIRCUIT 

PRELIMINARY AMENDMENT 

Mail Stop Non-Fee Amendment 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

Page 1 f 6 

Preliminary to examination of the above-referenced application, please amend 

the application as follows. 

This paper includes (each beginning on a separate sheet): 

1. Amendments to the specification;

2. Amendments to the claims; and

3. Remarks/Discussion of issues.

S:\BR\N\17\N17203A PRELIMINARY AMENDMENT.DOC Atty. Docket No. N-17203-A 
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Preliminary Amendment Page 2 f 6 

for Divlsi nal Application filed herewith 

Amendments to the Specification: 

Please replace the title with the following rewritten title: 

CIRCUIT WITH INTERCONNECT TEST UNIT AND A METHOD OF TESTING 

INTERCONNECTS BETWEEN A FIRST AND A SECOND ELECTRONIC CIRCUIT 

S:\BR\N\17\N17203A PRELIMINARY AMENDMENT.DOC Atty. Docket No. N-17203-A 
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Preliminary Amendment 
for Divisional Appllcati n filed herewith 

Amendments to the Claims: 

Page 3 f 6 

A clean version of the entire set of pending claims (including amendments to 

the claims, if any) is submitted herewith per 37 CFR 1.121 (c)(3). This listing of 

claims will replace all prior versions, and listings, of claims in the application. 

Listing of Claims: 

1. (Canceled)

2. (Currently amended) An electronic circuit (100) as slaimod in Claim 1

recited in claim 10, wherein the test unit (120) comprises a Read Only Memory 

(ROM). 

3. (Currently amended) An electronic circuit (100) as olaimod in Claim 1

recited in claim 10, wherein the test unit (120) comprises a read/write register. 

4. (Currently amended) An electronic circuit (402) as olaimed in Claim 1

recited in claim 10, wherein the test unit (406) comprises a combinatorial circuit (502) 

implementing an XNOR function and being connected to the 1/0 nodes. 

5. (Currently amended) An electronic circuit (402) as claimed in Claim recited

in claim 4, wherein a first selection (410) of the 1/0 nodes are arranged to carry 

respective input signals and a second selection (412) of the 1/0 nodes are arranged 

to carry respective output signals and wherein the test unit (406) is arranged 

according to the following rules: 

S:\BR\N\17\N17203A PRELIMINARY AMENDMENT.DOC Atty. Docket No. N-17203-A 
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Preliminary Amendment Page 4 of 6 

f r Divisional Application filed herewith 

each output signal results from an XNOR function having at least two input 

signals, 

each output signal is dependent on a unique subset of the input signals, 

each input signal contributes to at least one output signal via a particular 

XNOR function. 

6. (Currently amended) An electronic circuit (402) as claimed in Claim 1

recited in claim 10, wherein the test unit (406) comprises a combinatorial circuit (602) 

implementing an XOR function and connected to the 1/0 nodes. 

7. (Currently amended) An electronic circuit (100) as olaimed in Claim 1

recited in claim 10, wherein the main unit (110) is arranged to bring the electronic 

circuit (100) into the test mode on receipt via a subset of the 1/0 nodes (130) of a 

predefined pattern or sequence of patterns. 

8. (Currently amended) An electronic circuit (100) as olaimed in Claim 1

recited in claim 10, wherein the electronic circuit is provided with a test control node 

and wherein the electronic circuit is arranged to switch into the test mode on the 

basis of a signal value on the test control node. 

9. (Currently amended) An electronic circuit as claimed in Claim 1 recited in

claim 10, wherein the main unit is a Synchronous Dynamic Random Access Memory 

S:\BR\N\17\N17203A PRELIMINARY AMENDMENT.DOC Atty. Docket No. N-17203-A 
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.. 

Preliminary Amendment Page 5 f 6 

for Divisional Applicati n filed herewith 

(SDRAM) and the test mode is activatable by a read action following power up of the 

electronic circuit. 

10. (Currently amended) An electronic circuit (100) comprising:

a plurality of input/output (1/0) nodes� for connecting the electronic circuit 

to a further electronic circuit via interconnects. 

a main unit--f-14-0} for implementing a normal mode function of the electronic 

circuit, 

and a test unit-(4-20) for testing the interconnects, 

the electronic circuit having a normal mode in which the 1/0 nodes� are 

logically connected to the main unit--f-14-0} and a test mode in which the 1/0 nodes 

� are logically connected to the test unit�. 

characterised in that wherein the test unit comprises at least one 

combinatorial circuit� implementing at least one of an XNOR function and an 

XOR function with at least two function inputs and a function output, the function 

inputs being connected to particular 1/0 nodes arranged to operate as input nodes of 

the test circuit and the function output being connected to a particular 1/0 node 

arranged to operate as output node of the test circuit. 

11-13 (Canceled)
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Preliminary Amendment Page 6 f 6 

f r Oivisi nal Application filed herewith 

REMARKS/DISCUSSION OF ISSUES 

Claims 2-1 Oare pending in the application. 

Claims 1-9 and 11-13 were elected in the parent application 09/402, 154 

following a restriction requirement, and were subsequently allowed. Accordingly, 

claims 1 and 11-13 are canceled as directed to the species elected in the parent 

application. 

Dependent claims 2-9 are amended to depend from independent claim 10, 

the only claim nonelected in the parent application, and are not narrowed in scope 

except insofar as claims 2-9 now depend from claim 10 instead of from canceled 

claim 1. Claim 1 0 is amended for nonstatutory reasons, to broaden the claim in 

conformance with a corresponding amendment in the European application. All 

other changes to the claims are made merely to remove label numbers and 

otherwise put the claim language in conformance with U.S. patent practice, and not 

to address issues of patentability. No new matter is added. 

The title is amended to reflect the cancellation of method claims 11-13. 

This is a preliminary amendment; no Office action has yet been received. 

Examination of the application on its merits is now respectfully requested. If any 

points remain in issue that may best be resolved through a personal or telephonic 

interview, the Examiner is respectfully requested to contact the undersigned at the 

telephone number listed below. 

Respectfully submitted, 

Eric M. Bram 
Reg. 37,285 
Att'y for Applicant(s) 
Philips Intellectual Property 
& Standards 

S:\BR\N\17\N17203A PRELIMINARY AMENDMENT.DOC 

P.O. Box 3001 
Briarcliff Manor, NY 10510-8001 
Phone: (914) 333-9635 
Fax: (914) 332-06150 

Atty. Docket No. N-17203-A 

IPR2021-01488 
Apple EX1005 Page 33



PATENT APPLICATION SERIAL NO. 

07/21/2003 WASFAW1 00000049 141270 10621002 

01 FC:1001 750.00 DA 

PT0-1556 

(5/87) 

·u.s. Govemrnent Printing Olfrce: 2002 - 4119-267/69033 

---------

U.S. DEPARTMENT OF COMMERCE 

PATENT AND TRADEMARK OFFICE 

FEE RECORD SHEET 

IPR2021-01488 
Apple EX1005 Page 34



• 
Application or Docket Number 

PATE0NT APPLICATION FEE DETERMINATION RECORD 
Effective Jan,uary 1 , 2003 

CLAIMS AS FILED- PART I
Column 1 

... TOTAL CLAIM$ 
,o 

FOA NUMBER FILED NUMBER EXTRA 

TOTAL CHARGEABLE CLAIMS J minus 20= * 

INDEPENDENT CLAIMS r minus 3 = 
* ·

MULTIPLE DEPENDENT CLAIM PRESENT □ 

* If the difference in column 1 is less than zero, enter "0" in column 2 

CLAIMS AS AMENDED - PART II 

Total * 

Independent * 

Column 1 
CLAIMS 

REMAINING 
AFTER 

AMENDMENT 

Minus 

Minus 

Column 2 
HIGHEST 
NUMBER 

PREVIOUSLY 
PAID FOR 

**

Column 3 

PRESENT 
EXTRA 

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM □ 

Total * 

Independent *

Column 1 
CLAIMS 

REMAINING 
AFTER 

AMENDMENT 

Minus 

Minus 

Column 2 Column 3 
HIGHEST 
NUMBER PRESENT 

PREVIOUSLY EXTRA 
PAID FOR 

** = 

= 

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM □ 

Column 1 Column 2 Column 3 
CLAIMS HIGHEST 

REMAINING NUMBER PRESENT 
AFTER ·PREVIOUSLY EXTRA 

.A;MENDME;NT PAID FQR 

Total * Minus ** = 

Independent * Minus *** 

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM 

SMALL ENTITY 
lY!PE c::=] 

-

RATE FEE 

BASIC FEE 375.00 

X$9= 

X42;, 

+140=

TOTAL 

OTHEB THAN 
OR SMALL ENTITY 

RATE FEE 

OR BASIC FE:!:: 750.00

OR X$18=

OR X84=

OR +280=

OR TOTAL 

OTHER THAN 
SMALL ENTITY OR SMALL ENTITY 

ADDI-
RATE TIONAL 

FEE 

X$9= 

X42= 

+140=

TOTAL
ADDIT. FEE 

ADDI-
RATE TIONAL 

FEE 

X$9= 

X42= 

+140=

TOTAL 
ADDIT. FEE 

ADDI-
RATc TIONAL 

FEE 

X$ 9= 

X42= 

+140=

RATE 

OR X$18= 

OR X84= 

OR +280=

TOTAL OR ADDIT. FEE 

RATE 

OR X$18= 

OR X84= 

OR +280=

TOTAL OR ADDIT FEE 

RATE 

OR X$18; 

OR X84= 

OR +280=

ADDI-
TIONAL 

FEE 

ADDI-
TIONAL 

FEE 

ADDI-
TIONAL 

FEE 

• If the entry in column 1 is less than the entry in column 2, write "O" in column 3. TOTAL TOTAL ,... If the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20," OR ADDIT. FEE----"' "**If the "Highest Number Previously Paid For• IN THIS SPACE is less than 3, enter '3." 
ADDIT. FEE 

The "Highest Number Previously Paid For" (Total or Independent) is the highest number found in the �ppropriate box ir;i ct;>lumn 1. 

J 

•'• 

,: 

i 

IPR2021-01488 
Apple EX1005 Page 35



... 

.. 

10 

11 

12 

u 

14 

15 

16 

17 

18 

1P 

20 

21 

l2 

23 
. 24 

25 

26 
27 

28 

29 

30 

31 

32 

33 

35 

36 

37 

38 

39 

I 

MULTIPLE DEPENDENT CLAIM 

FE£ CALCU'LATION SHEET 

iJ,11.10 .uTI� IIT .IUIINDllllll'I A'1U 9111 AMINOIIIIINI 

Ill> 011 

I 

I 

, I 

tlD or, 

, __ 4::,:0;_� ___ .j__ _ __J,_,_ --- ---

41 

,__£_ 
44 

41 

48 

49 

50 

TOTAL fflD. 

IUl�L 
CLAIII! 

--- --- --- ----�----!---

-•--11---1----------· 

PT0-1360 (12/02) 

Cl.AIMS 

SERW. tlO ,,�/. " _,.., 
/t.,1i,1� J t) f I 2-

Al'Pl!C>HT(81 

r--:-:
-f--'IH""O'--f-..:0:,::l :..P 

-f--!!IK�O-l��C>l!_i:•_JJ_.!11!£0_1...,!!!_ 
51 

,2 

5J 

55 

56 

57 

59 

60 

61 

'2 

63 

65 

66 

67 

68 

69 

70 

71 

12 

73 

74 

rs' 

76 

71 

78 

79 

80 

B1 

82 

83 

84 

85 

86 

87 

88 

89 

90 
--- ______ , ____ ----·-

91 
--- ---·-· -.---� ----__.. 

·92 ·--- ---- ------- --- -· -

1-...c9.;..3-11- - -· ·---+----1 ..... ,._ -·-
94 

95 
1___;..;.__ --- ---1- ------ --- - ---

9G 
---t---.1,- ---· .,, ___ -----

97 

98 

99 

100 

IPR2021-01488 
Apple EX1005 Page 36



Page 1 of l 

U1\ITED STATES DEPARTME:s!T OF COMMERCE 
Unit�d �tHf.t�� Put,mt und 'r,-ud«murk Offic•t-! 
Acd,m COMMl8SIO:-IER FOR PATENTS 

P.O. Dox I <SO 
Al�AaJ1<llia. Virg:.rtia 2�313-I..J50 
W1141�.U#l)lo,1:i0" 

APPLICATION NUMBER FILINGOR371 (c)DATE FIRST NAlv!ED APPLICANT A TIORNEY DOCKET NUMBER 

10/621,002 07/16/2003 Franciscus G.M. De Jong PHN 17,203A 

24737 
PHILIPS INTELLECTUAL PROPERTY & STANDARDS 
P.O. BOX 3001 
BRIARCLIFF MANOR, NY 10510 

CONFIRMATION NO. 9122 

FORMALITIES LETTER 

111111111 11111111 IHI ml 11111 11111 IHI 11111 111111111111111 111111111 111 111111111111 IIII IIII 
·ocooooooo11057765'

Date Mailed: 10/17/2003 

NOTICE TO FILE CORRECTED APPLICATION PAPERS 

Filing Date Granted 

An application number and filing date have been accorded to this application. The application is informal since it 
does not comply with the regulations for the reason(s) indicated below. Applicant is given TWO MONTHS from 
the date of this Notice within which to correct the i nforma Ii ties indicated below. Extensions of ti me may be 
obtained by filing a petition accompanied by the extension fee under the provisions of 37 CFR 1.136(a). 

The required item(s) identified below must be timely submitted to avoid abandonment: 

• An abstract of the technical disclosure not exceeding 150 words in length and commencing on a separate
sheet in compliance with 37 CFR 1.72(b) is required. An abstract was not provided for this application.

Replies should be mailed to: Mail Stop Missing Parts 

Commissioner for Patents 

P.O. Box 1450 

Alexandria VA 22313-1450 

A copy of this notice MUST be returned with the reply. 

Customer Service Center 
Initial Patent Examination Division (703) 308- I 202 

PART 3 - OFFICE COPY 

IPR2021-01488 
Apple EX1005 Page 37



I 

Abstract 

An electronic circuit comprises a plurality of input/output (1/0) nodes for connecting the electronic 
circuit to a further electronic circuit via interconnects. A main unit implements a normal mode function 
of the electronic circuit. A test unit tests the interconnects. The electronic circuit has a normal mode in 
which the 1/0 nodes are logically connected to the main unit and a test mode in which the 1/0 nodes are 
logically connected to the test unit. In the test mode the test unit is operable as a low complexity 
memory via the 1/0 nodes. 
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a) 181 All b) D Some* c) D None of the:

1. [8] Certified copies of the priority documents have been received.
2. D Certified copies of the priority documents have been received in Application No. __ .
3. D Copies of the certified copies of the priority documents have been received in this national stage application from the

International Bureau (PCT Rule 17.2(a)). 
* Certified copies not received: __

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements 
noted below. Failure to timely comply will result in ABANDONMENT of this application. 
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE. 

5. 0 A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER'S AMENDMENT or NOTICE OF
INFORMAL PATENT APPLICATION (PTO-152) which gives reason(s) why the oath or declaration is deficient. 

6. D CORRECTED DRAWINGS ( as "replacement sheets") must be submitted.
(a) □ including changes required by the Notice of Draftsperson's Patent Drawing Review ( PTO-948) attached

1) □ hereto or 2) □ to Paper No./Mail Date __ .
(b) D including changes required by the attached Examiner's Amendment/ Comment or in the Office action of

Paper No./Mail Date __ 
Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of 
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Serial No. 10/621,002 

Tech. Center 2857 

2 

1. Claims 2-10, now renumbered 2-9 and 1, respectively, are allowable over the prior art of

record. 

2. The following is an examiner's statement of reasons for allowance:

The prior art of record neither discloses nor suggests normal and test interconnects 

wherein the test input unit includes at least one combinatorial circuit with at least two inputs and 

a function output, thus testing particular 1/0 nodes. 

Any comments considered necessary by applicant must be submitted no later than the 

payment of the issue fee and, to avoid processing delays, should preferably accompany the issue 

fee. Such submissions should be clearly labeled "Comments on Statement of Reasons for 

Allowance." 

3. The prior art made of record but not relied upon is deemed pertinent to applicant's

disclosure.

Williams (EP pub. o,588,507 AZ) discloses testing IC interconnections. 

Thatcher et al. (GB 2,218,689 A) discloses measuring passive elements during IC testing. 

Whetsel (5,103,450) discloses test protocols for IC testing. 

Hunter (5,416,409) discloses IC interconnect integrity. 

Muris et al. (5,781,559) discloses a testable circuit with separate test mode interconnects. 

4. Any inquiry concerning this communication or earlier communications from the

Examiner should be directed to Craig Steven Miller whose telephone number is (571) 272-2219.

The Examiner can normally be reached on Mondays, Tuesdays and Thursdays from 

07:00 am through 4:00 p.m. EDT. 

If attempts to reach the Examiner by telephone are unsuccessful, the Examiner's 

Supervisor, Marc Hoff, can be reached at (571) 272-2216. 

Any inquiry of a general nature or relating to the status of this application should be 

directed to the Group receptionist whose telephone number is (571) 272-2800. 

Craig Steven Miller (ss) 

21 April 2004 
� 
MARCS.� 

SUPERVISORY PATENT EY-AMiNER
TECHNOLOGY CCNTER 2800
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@ Method of testing Interconnections between Integrated circuits In a circuit.

@ A method of testing the Interconnections be
tween integrated circuits in a circuit uses latch
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series as a shift register so that a test pattern of 
bits can be entered Into the latches. The pattern 
of bits is transmitted through the Interconnec
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The present invention relates to the testing of circuit boards, in particular to the boundary scan testing of 

a c ircuit board inc luding a microprocessor. 

Manufacturers of electronic circuits commonly produce their circuits in the form of printed circuit boards 

having mounted on them a plurality of integrated circuits as well as other components. The components are 

5 interconnected by conductors or metallic tracks printed on the board with electrical contact between the leads 

or pins of the components and the tracks made using solder joints. The interconnections may be imperfect 

and may display short- or open-circuit connections that are erroneous, the errors possibly arising from faults 

of either the solder joints or the tracks. 

Once a circuit board is completed it would, of course, be possible to operate the circuit as a method of 

10 testing it but with the complexity of many such boards it would be both difficult and time consuming to test it 

thoroughly to check that all interconnections were correctly made. Boundary scan testing is a method of testing 

the interconnections between integrated circuits on a c ircuit board which enables the test to be carried out 

more quickly. A system of boundary scan testing is defined by IEEE standard 11491.1-1990 "Standard Test 

Access Port and Boundary Scan Architecture" also known as JTAG. To support JTAG boundary scan testing 

15 an integrated circuit will have specially provided for each of a number of its pins a boundary scan cell, for ex

ample, an input latch, an output latch or both of those or a combined input-output latch, for transmitting and 

receiving signals via the particular pin. In addition a boundary scan cell may include a control latch. The latches 

may each comprise a shift register latch and a shadow latch. The shift register latches can be joined with others, 

from the same and other boundary scan cells, to form a long shift register joining up all the input and/or output 

20 terminals of the integrated c ircuits. The cells c an therefore be loaded serially with data supplied to an dedicated 

test data input pin on each integrated circuit Data already in the shift register latches is shifted out via a dedi

cated test data output pin of the integrated circuit when the shift register is operated. From time to time data 

can be transferred between the shift register latches and their corresponding shadow latches. 

In a c ircuit having more than one JTAG integrated circuit the shift registers of each integrated circuit can 

25 be joined serially to form one long shift register known as the scan path. 

To perform a test of the interconnections between integrated circuits on a c ircuit board test data appro

priately interspersed with control data is fed along the scan path and is loaded into the input and output latches 

of the integrated circ uits. Each boundary scan cell will either be an input cell or an output cell depending on 

the value loaded in its control latch if it has one; if a cell has no control latch then it will have been built as an 
30 input cell or an output cell. Next, each output cell transmits the test data held in its output latch over the inter

connections via its pin and each input latch receives test data from the interconnections via its pin and stores 

it. The resulting pattern of data in the latches c an then be shifted out along the scan path for analysis to find 

out whether the interconnections are functioning correctly. Note that the data held in the shadow latches ac

tually determine whether the boundary scan cells are inputs or outputs and the values to be output on the 
35 cells' pins are directly responsive to data supplied to the pins. 

Usually the test patterns are generated by a computer which also analyses the resulting patterns. Normally 

the computer is given a description of the integrated circuits on the scan path, for example which cells have 

input latches and which have output latches, and a description of the interconnections on the board between 

the pins. From those descriptions the computer generates a number of test patterns, and after running the 
40 test the resulting patterns are analysed to see whether the circuit board has the described interconnections 

and, if not, to indicate in what way it might be faulty. 

Boundary scan testing does provide a quick and reliable method of testing a circuit board; however it does 

require that the integrated c ircuits are constructed to include the necessary hardware; this includes not only 

the latches described above but the means to join them in a shift register and the means responsive to the 

45 necessary control signals. 

Boundary scan testing is at its simplest and most effective when all the integrated circuits on a circuit board 

support it If only some of the integrated circuits support it, then there are a number of things that can be done. 

The manufacturer of the integrated circuits can redesign the integrated circuits to include the hardware to sup

port boundary scan testing; this takes some time, increases the silicon areas of the devices and hence their 
50 cost, and means that the new integrated circuits will not be compatible with the old ones and hence cannot 

directly replace the old ones since dedicated control pins and test data pins must be provided on the new ones. 

The manufacturer of the circuit board can add buffers that do support boundary scan testing between the in

tegrated circuits that do not and the rest of the circuit but that increases cost and may affect the performance 

and timing of the circuit, and will introduce further interconnections that cannot be tested. As a last resort the 
55 corrections to the non-supporting integrated circuits can be ignored by the test, so reducing the coverage of 

the testing; the effects of that can to some extent be reduced by more lengthy and elaborate boundary scan 

test procedures, such as those described by Robinson and Deshages in a paper entitled "Interconnect Testing 

of Boards with Partial Boundary Scan" published by Gen Rad, Inc ., of 300 Baker Avenue, Concord, MA, USA. 
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The disadvantages of these approaches are increased when the non-supporting integrated circuit is a mi

croprocessor, for example a microcontroller, since such devices are usually the centre of functionality of any 

circuit in which they are included and consequently are connected to many of the other components. 

5 Addition of the necessary JTAG hardware to a microcontroller can involve a considerable amount of work 

due to the complexity, type and number of input and output pins normally associated with them. Consequently, 

there is a reluctance to modify existing microcontroller designs to incorporate this feature. 

It is an object of the present invention to provide a method of boundary scan testing a circuit, which includes 

a microprocessor that overcomes at least the diff iculties described above. 

10 According to the present invention there is provided a method of testing interconnections of a circuit having 

a plurality of integrated circuits, 

at least some of the integrated circuits including 

storage elements respectively associated with some of the terminals of those integrated circuits and 

means for joining the storage elements into at least one shift register chain, 

15 the method including 

entering an initial test pattern of bits serially into the storage elements along the at least one shift register 

chain, 

transferring certain of the bits of the initial test pattern from the storage elements into which they were 

entered, via the terminals and interconnections, to others of the storage elements, 

20 retrieving the resulting pattern of bits serially from the storage elements along the at least one shift reg-

ister chain, and 

comparing the initial test pattern and resulting pattern to derive information about the interconnections, 

characterised in that 

at least one of the plurality of integrated circuits is a microprocessor, there being stored in the circuit a 
25 test program which causes the microprocessor to perform a number of operations including 

entering serially into the microprocessor part of the initial test pattern of bits and storing it in a memory, 

reading certain of the bits stored in the memory and producing corresponding output signals on termi

nals of the microprocessor connected to particular interconnections, 

reading bits via particular interconnections at terminals of the microprocessor and storing the received 

30 bits in the memory, and 

producing as an output from the microprocessor in serial form the received bits stored in the memory, 

so as to enable interconnections connected to terminals of the microprocessor to be tested. 

The JTAG standard will now be described with reference to Figures 1, 2 and 3, followed by a description 

of a method of boundary scan testing a circuit board including a microprocessor, by way of example only. Ref-
35 erence will be made to the accompanying drawings, of which:-

FIGURE 1 is a circuit diagram of a circuit having three integrated circuits, all of which support boundary 

scan testing according to the JTAG standard; 

FIGURE 2 is a diagram of an integrated circuit that supports boundary scan testing according to the JTAG 

standard; 

40 FIGURE 3 is a state diagram for the test access port controller of Figure 2; 

FIGURE 4 is a block diagram of one example of a microcontroller; and 

FIGURE 5 is a diagram of a circuit including the microcontroller of Figure 4 that can be arranged to provide 

for boundary scan testing. 

Figure 1 is a circuit diagram of a circuit having three integrated circuits 21,22, 23 all of which support JTAG 
45 boundary scan testing. Each integrated circuit has twenty pins 1-20 of which 1 and 20 are connected respec

tively to test mode select (TMS) and test clock (TCK) signal lines of JTAG bus, pins 10 and 11 are connected 

to the power supply, and application pins 3-9 and 12-18 are connected via various of the interconnections 

25,26,27,28 to pins of others of the integrated circuits 21,22,23 or to terminals 24. For each of the pins 3-9 

and 12-18 there is provided in the integrated circuit a boundary scan cell 29 having a combined input/output 
50 latch and a control latch. The boundary scan cells of all the integrated circuits are on a scan path 30 which 

starts at the terminal TDI, enters integrated circuit 21 at pin 2, passing through the boundary scan cells of that 

integrated circuit, and then leaves via pin 19 continuing through the integrated circuits 21,22 in a similar way 

in turn and finishing at terminal TDO. The scan path 30 can operate as a shift register driven by clock signals 

TCK. 
55 To test, for example, the interconnects 26 between the pins 12-18 of the integrated circuit 21 and the pins 

3-9 of the integrated circuit 22, test data and interspersed control data is passed along the scan path 30, under

the control of the signals on the TMS and TCK lines, into the input and output latches of the boundary scan

cells 29. The input and output latches of the cells for pins 12-18 of the integrated circuit 21 are set up to be 

outputs and those for pins 3-9 of the integrated circuit 22 set up to be inputs. The important values of the test
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data are those provided for the pins 12 to 18 of the integrated circuit 21 since it is these that are transferred 

across to the input latches of the integrated circuit 22, once all the data has been shifted in along the scan 

path. The data latched across are subsequenUy shifted out and analysed to check whether the interconnec-

5 tions 26 are all functioning correcUy. 

As a particular example, a test pattern might be LOW in all of the output latches for pins 12 to 18 except 

for a HIGH in the latch for pin 15. In the diagram it can be seen that if there were no fault a HIGH would be 

latched across to the input latch of pin 8 of the integrated circuit 22, the others of pins 3-9 receiving LOWs. If, 

for example, the interconnect from pin 15 to pin 8 was shorted to that from pin 14 to pin 4, then a HIGH would 

10 be received at the latch for pin 4, assuming that the latch for pin 15 was able to drive those interconnections 

HIGH while the latch for pin 14 was trying to drive them LOW. This extra HIGH in the resulting pattern shifted 

out along the scan path 30 would be detected by the computer performing the test which would produce an 

output indicating the nature of the fault detected. 

It is clear that to test fully the interconnections for open and short circuits many operations of shifting in 

15 data, latching across and shif ting out will be required. Test patterns are normally generated by the computer 

running the test under the control of software, such as the ASSET system of Texas Instruments Incorporated. 

More complicated interconnects than the one pin to one pin interconnects 26, for example the interconnects 

27, can also be tested. Interconnects to terminals 24 could be tested by connecting them to other integrated 

circuits supporting JTAG off the circuit board under test, but included in the scan path. 

20 Figure 2 is a diagram of an integrated circuit 39 that supports JTAG similar to those of Figure 1. In addition 

to boundary scan cells 29 on the scan path 30, the application pins 31 and pins 2, 19 to connect to the scan 

path 30, pins 1,20 to receive the control signals, TMS, TCK and pins 10, 11 to connect to the power supply, 

Figure 2 shows application circuitry 32, a test access port (TAP) controller 33, a bypass register 34, an instruc

tion register 35, multiplexers 36,37 and a tristate latch 38. In the JTAG standard the bypass register and the 
25 set of boundary scan cells are known as data registers. In a full implementation of the standard there are other 

data registers provided but t heir operation is not relevant to the present invention and they will not be described. 

The application circuitry provides the normal functions of the integrated circuit when it is not in test mode. 

During those times it communicates freely with other components via the application pins 31 unhindered by 

the latches of the boundary scan cells. Note that in practice it may be required that the inputs and outputs of 
30 the application circuitry are latched and in that case the latches of the boundary scan cells could be used for 

that purpose. 

The bypass register 34 and the instruction register are alternative scan paths to the boundary scan cells 

through the integrated circuit 39. Multiplexers 36 and 37 recombine those paths into a single one and latch 38 

simply increases the length of each path by one step. The test access port controller is responsive to the TCK 
35 and TMS signals of the test bus and also to the value stored in the instruction register; it controls the operation 

of the rest of the test logic. 

The bypass register 34 and the instruction register 35 like the boundary scan cells not only have latches 

which form a shift register when data is scanned through them but also latches shadowing those latches to 

and from which values can be transferred from time to time. 
40 Figure 3 shows a state diagram for the test access port controller 33 of Figure 2, which conforms to the 

JTAG standard. The test access port controller examines the TMS signal at each positive going edge of TCK 

and changes to a new state depending on the value of TMS. This is shown in the diagram by arrows labelled 

1 and O indicating the values of the TMS signal. The two parts of the diagram enclosed in dotted rectangles 

are for manipulating respectively a data register and the instruction register and are marked DR-SCAN 40 and 
45 IR-SCAN 39. The particular data register manipulated depends on the value held in the instruction register. It 

should be noted, then, that the selection of the scan path change through the integrated circuit 39 involves 

both the control signals, TMS and TCK, and the value in the instruction register 35. Moving around the state 

diagram allows boundary scan tests such as those described above to be carried out. 

A full description of the functions of these states can be found in the JTAG standard. Some functions are 
so not implemented in the device described below and only a brief description of the relevant states will be given. 

The TES T-LOGIC-RESET state is the state on power up. In this_ state the test logic is inactive and the 

integrated circuit 39 performs its normal function using the application circuitry 32. 

The RUN-TEST/IDLE state is used in the full standard for some special test functions; those are not im

plemented in the device described below but the state is provided to allow the states to change in the standard 
55 way in response to the TMS and TCK signals. 

The SELECT-DR-SCAN and SELECT-IR SCAN states perform no function other than allowing other 

states to be reached from them. 

In the CAPTURE-IR state the instruction register is loaded with a 10000001 pattern and is sent along the 

scan path. If the TEST-LOGIC-RESET state has been passed through since the last scan operation, the latch 
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38 which drives the TDO (test data output) pin 19 is enabled to output a LOW or zero, otherwise it is enabled 

to output the same as that which it was outputting the last time it was enabled. 

In the SHIFT-IR state data is advanced through the instruction register, one step per cycle of TCK, from 

5 the TDI (test data input) pin 2 to the TDO pin 19. The 10000001 pattern in the register in the CA PTURE-IR 

state is shifted out and can be used to confirm that the instruction register is connected in the scan path. 

EXIT1-IR and EXIT2-IR perform no operation; they allow the shifting operation to be ended. 

PAUSE-IR performs no operation; the test access port controller 33 can be held in this state to allow the 

shifting operation to be suspended for a period of time. 

10 In the state UPDATE-IR the value in the shift register latches of the instruction register are transferred to 

the shadow latches. 

The functions of the states for manipulating the data registers depend on the particular register to be ma

nipulated. They are as follows:-

CAPTURE-DR; the data register selected by the value in the instruction register is placed on the scan 

15 path, and the latch 38 that drives the TDO pin 19 is enabled in a similar manner as it is by the CA P TURE-IR 

instruction, except that when the bypass register is selected the latch 38 is enabled to output a low or zero 

level. In the case of the boundary scan cells it is during this state that the values present on the input pins 

and received by the shadow input latches from other boundary scan cells via the interconnects 26,27 are latch

ed, along with data held in the other shadow latches, into the shift register latches. 

20 In the SHIFT -DR state data held in the shift register latches of the selected register is shifted through the 

integrated circuit 39 from the TDI pin 2 to the TDO pin 19 one bit per cycle of TCK. In the case of the data 

register the data shifted will include control data as well as test data. In the case of the bypass register bits of 

the data are shifted through the integrated circuit rapidly since the register is only one bit long. This register 

is used, for example, when it is desired to use the boundary scan cells of other integrated circuits but not those 
25 of the particular integrated circuit 

The EXIT-DR, EXIT2-DR and PAUSE-DR states have similar functions to the corresponding IR states. 

In the UPDATE-DR state the latches shadowing the shift register latches are updated from those latches. 

In the case of the boundary scan cells the control data latches and the output latches are given their new val

ues. 
30 Thus to perform the test of interconnects such as the interconnect 26,27 described above it is necessary 

to pass through the IR-SCAN state 39 once to shift into the instruction register an instruction which puts the 

boundary scan cells 29 on the scan path, and to pass through the DR-SCAN state 40 twice, once to shift into 

the boundary scan cells the test data and the control data and to transfer those values into the shadow latches 

and once more to latch across test data from other boundary scan cells to the input shadow latches, then into 
35 the shift register latches and to shift the resulting pattern out of the boundary scan shift register. 

The present invention relates to enabling a boundary scan test to be performed so as to include a micro

processor, for example a microcontroller, on the scan path when the microprocessor or microcontroller does 

not have special circuitry to support boundary scan testing. The approach of the present invention to this prob

lem is to program the microprocessor so that it simulates the behaviour of a JTAG integrated circuit such as 
40 those of Figures 1 and 2 in response to test bus and test data signals making use of the resources of the mi

croprocessor as they are without providing any additional circuitry on the microprocessor. 

In the present invention the simulation is carried outunder the control of software and the application of 

the invention to microcontrollers is particularly simple because many microcontrollers have, on chip, an amount 

of ROM or EPROM or EEPROM in which the software can be stored. Also many microcontrollers have, on 
45 chip, an amount of RAM in which the data manipulated by the software can be stored. The resulting device is 

therefore self-contained. 

If the memory in which the test software is stored is of a kind as to permit it, for example if it is RAM or 

EP ROM or EEPROM, the test software could be erased after a JTAG test has been successfully completed 

so as to release the memory space occupied by the test software for other uses. 
so By writing software which causes a microprocessor to simulate the hardware and protocol of the JTAG 

standard, a device, conforming to the standard, can be incorporated into a boundary scan test without any 

modifications to the device itself. In this way, no costly reengineering of an existing microprocessor is required 

and microprocessor-based systems can easily be made compatible with existing JTAG test and support hard

ware. 
55 To simulate the bahaviour of a JTAG circuit the software will have to manipulate the input and output to 

and from the microprocessor chip via its pins. Microcontrollers usually provide flexible methods of controlling 

the input and output including having pins which are individually programmable which simplifies the task of 

writing the software. 

One example of a microcontroller, according to the present invention will now be described. Figure 4 is a 
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block diagram of a TMS370 CX5X microcontroller manufactured by Texas Instruments. A full description of this 

device can be found in the data sheet published by Texas Instruments. The program used to enable the mi

crocontroller to support boundary scan testing is appended to this specification. The program is written in TMS 

5 370 assembly language. The program is stored in the program memory of the microcontroller, which may be 

either ROM or EPROM. To simulate the JTAG boundary scan test mode the program expects the microcon

troller to be operated in its single chip microcomputer mode which is achieved by applying a LOW signal level 

input to its MC pin. In this mode the microcontroller defaults to its unexpanded mode with its ports A,B,C,D 

configured as general purpose input/output ports rather than address, data and control bus connections. The 

10 program leaves the microcontroller in this mode. 

The program expects the TCK, TMS, TOI signals of the JTAG test bus to be respectively applied to the 

INT3, SPICLK and SPISOMI pins of the microcontroller and produces the TOO output signal on the SPISIMO 

pin; of these pins, INT3, is configured to function as a maskable interrupt input and the other pins which are 

those of the serial peripheral interface are configured as general purpose input/output pins. Of the remaining 

15 pins of the microcontroller INT1 and INT2, those of the serial communications interface and those of the timers 

are configured as general purpose input/output pins and the analogue port is configured as a general purpose 

digital input port. 

The program simulates the functions of the usual JTAG circuitry and in particular it simulates the functions 

of the test access port controller 33 and its progress through the JTAG state diagram (Figure 3). To do this 

20 the program maintains two registers in the RAM memory of the microcontroller, which indicate the next state, 

one for HIGH values of TMS and one for LOW. Since the JTAG test access port controller and hence the pro

gram start off in the TEST-LOGIC-RESET state the program initialises those two registers to indicate TEST

LOGIC-RESET and RUN-TEST/IDLE respectively as the next states. The program then sets up INT3 to gen

erate interrupts at the positive going edges of TCK. On interrupt, an inter rupt handling routine checks the value 
25 of the TMS signal to see if it is LOW or HIGH and then calls one of a number of routines which perform the 

functions of the next state, the particular routine chosen being that indicated by the appropriate next state reg

ister. In addition to the functions of their state those routines update the next state register appropriately, so 

that on subsequent interrupts the states are traversed in the manner shown in Figure 3. 

Some of the states require action on the negative going edges of TCK, such action being in particular the 
30 outputting of the TOO signal ready for it to be received by another integrated circuit on the next positive going 

edge. The state routines handle this by resetting INT3 to generate interrupts on negative going edges and wait

ing for an interrupt. When an interrupt occurs the interrupt handling routine outputs the next bit of the TOO 

signal and restores INT3 to generating interrupts on positive going edges. 

The program maintains a register in the RAM of the microcontroller for simulating the instruction register. 
35 This register is manipulated by the state routines for the states of the IR-SCAN box 39 of Figure 3 in a similar 

manner to that applied to the instruction register 35 of the JTAG circuitry. The value or instruction code in this 

register is then available to the state routines for the states of the DR-SCAN box 40 of Figure 3 so that they 

can modify their actions accordingly. 

JTAG circuitry may in general support all or only some of the instructions specified in the standard. The 
40 program appended to this specification supports only the EXTEST and BYPASS instructions. If codes for other 

instructions are found in the instructions register then the BYPASS instruction is performed. 

When the code for the EXTEST instruction is in the instruction register maintained by the program the 

DR-SCAN 40 state routine manipulates a data register. 

The data register occupies seventeen consecutive eight-bit registers of the RAM memory of the micro-
45 controller. A table given in the comment lines at the beginning of the appended program shows how the data 

register is organised. This data register cor responds to the shift register latches of the boundary scan cells 

29 of integrated circuits with special JTAG circuitry provided. The register that corresponds to the shadow latch

es consists of the latches of the ports of the microcontroller that already exist. Those latches exist in the portion 

of the memory map of the microcontroller known as the peripheral file. In order that transfers between the 
50 data register and the port latches, which transfers correspond to transfers between the shadow latches and 

their shift register latches respectively, can be made simply, the organisation of the data register reflects that 

of the port latches in the memory map. Such an organisation has no disadvantages for test pattern generation 

and analyses systems, such as the ASSET system mentioned above, since they require no particular ordering 

of input/output latches control data latches and the like, but they do require that the order of these latches 
55 and the boundary scan cell or pin to which they belong, are specified to them. Therefore, to test a TMS370 

CX5X microcontroller having the appended program using a system such as ASSET, that information as con

tained in the table will have to be specified to the system. 

The transfers made between the data register and the existing port latches are made by the DR-CAPTURE 

and DR-UPDATE state routines. Respectively, these routines transfer data from the existing port latches to 
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the data register and in the reverse direction. The shifting of the data register is carried out by the SHIFT-DR 

routine in which the bit present at the TDI pin 2 is shifted into bit 135 of the data register (see the table at the 

start of the appended program), data bits already in the register are moved down one bit and bit O is set up to 

s be output at the TDO pin 19 at the next negative going edge of the TCK signal by placing it in a register in the 

RAM called OUTREG in the program. The bit held in OUTREG is set up by the program on the TDO pin on a 

negative going edge of TCK; in this way the function of the latch 38 of JTAG integrated circuits is simulated. 

From the table it can be seen that pins of the microcontroller included on the scan path variously have 

combined input/output latches, separate input and/or output latches and possibly a control latch. For each of 

10 those latches there is a bit of the data register. However, there are some bits of the data register marked by 

a dash in the "definition" column of the table that are not intended to have corresponding shadow latches. 

These bits lengthen the shift register and so should be specified to the pattern generation and analysis system 

as being present but containing no information when read by the analysis system. These bits when the other 

bits of the data register are transferred into their shadow latches will also, of course, be written into the per-

15 ipheral file into whatever latch, if any, happens to be at that location. In the present example this has no un

desired effects. However in other examples perhaps running other microprocessors this may not be so. A rem

edy would be to mask out these bits with appropriate values as they are written to the peripheral file or its 

equivalents. 

When the code for the BYPASS instruction is in the instruction register the DR-SCAN 40 state routines 

20 simulate the operation of a JTAG integrated circuit having its bypass register on the scan path. In fact all in

struction codes other than that for EXTEST will be treated as a BYPASS instruction. The simulation is achieved 

in the following way:-

ln the CAPTURE-DR state routine , a Low or zero is placed in OUTREG ready to be set up on the TDO 

pin on the next negative going edge of TCK. In the SHIFT-DR state routine the value present at the TDI pin 
25 is read and is placed in OUTREG ready to be set up on the TDO pin. In the UPDATE-DE state routine no op

eration other than to update the next state registers is performed. 

The DR-SCAN 40 state routine also makes allowance, for both the BYPASS and EXTEST instructions, 

for the pipelining of the TMS signal. 

It will be appreciated that the method of simulating the behaviour of a JTAG integrated circuit employed 
30 by the program described above is not the only possibility. For example, instead of being interrupt driven the 

program could poll the TCK signal, the data register could be organised differently or a different selection of 

the pins to which the test bus (TCK, TMS,TDl,TDO) is connected could be made. As another example, a similar 

program might be written for a microprocessor whose equivalents of ports A,B,C,D of the TMS 370CX5X can 

only be configured as ports for data, address and control busses. In such a program it would not be so straight-
35 forward to produce the desired outputs on those pins, since for example the instruction set of the micropro

cessor might not allow the pins for the address and data buss es to be programmed separately. However, there 

will be an instruction which writes a data value to a certain address and using this instruction with the desired 

values could be used to program the ports together. Since these values would possibly only remain on the 

pins for a few cycles of the microprocessor's clock, allowances would have to be made so that the period during 
40 which the data was set up on the pins included the time at which it was latched by other JTAG integrated cir

cuits. Programming the control port at the same time as the address and data busses might not be possible, 

and the interconnects connected to those pins would have to be tested at different times, with allowance made 

for that in the test pattern generation and analysis system. 

It is not necessary that the software be stored in memory internal to the microprocessor. The JTAG sim-
45 ulation software can be stored in many places, depending on the configuration of the system. If external ROM 

or PROM or EPROM is used for example, the software could reside there and be a minimal overhead to the 

total system memory. Conveniently the software could be transferred as a block from the external ROM or 

PROM or EPROM to the internal RAM of the microprocessor and run from there. Alternatively, a removable 

test ROM or PROM or EPROM could be used, and replaced by application software after successful testing 
so of the printed circuit board. Many microcontrollers are intended for embedded control in mass-produced end 

applications. Such devices frequently use on chip masked ROM or EPROM. In the case of EPROM, the device 

could be erased and reprogrammed by the application software following a successful test. 

A particularly advantageous solution can be achieved with microcontrollers such as the TMS370 family, 

which have on chip EEPROM (non-volatile memory). The JTAG software can be embedded in the device EE-
ss PROM before shipment to the manufacturer of the end equipment, and the application software provided by 

him on ROM or PROM or EPROM (either on-or off-chip) can read a check byte in the EEPROM at power-up 

which forces execution of the JTAG software. 

Following a successful test, the JTAG software can be erased by the microcontroller itself, perhaps after 

receiiving a special command word in the simulated instruction register. In this way, the JTAG software leaves 
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no trace of its existence following the test, and the resources it had used are available to the application soft

ware in normal use. The special command word could be one of the unused codes of the JTAG standard. The 

EEPROM of the TMS370 family has the ability to be written to our erased by the microcontroller itself, the 12.6 

5 volts required being generated from the supply rails by an on-chip charge pump. 

If the software or the data it manipulates is not stored with in the microprocessor but rather off-chip in some 

other memory then certain of the input and output pins of the microprocessor will be required for transferring 

instruction words or data words between the microprocessor and that memory. The lines required for the 

TMS370CX5X microcontroller of Figure 4, would include ports A to D. These lines would not, therefore, be avail-
10 able for direct JTAG testing. However some indication of their functioning would still be provided by a JTAG 

test since if the program or data was not correctly transferred the test pattern generation and analysis system 

would not receive a proper response from the microprocessor thus indicating a fault with those lines. 

Although the simulation described produces a microprocessor that conforms to the JTAG protocol for 

boundary scan testing systems, the present invention could be applied to other systems, protocols or standards 

15 of boundary scan testing. 

Figure 5 is a diagram of a circuit including a TMS 370C756 microcontroller which has stored in its EPROM 

memory the program appended to this patent specification. Figure 5 demonstrates the use in boundary scan 

testing of the circuit and its subsequent use in the application that the circuit was designed for. 

The circuit has at its centre the TMS 370C756 microcontroller 41. The analogue port pins ANO ... AN7 of 

20 the microcontroller 41 are connected to a set of eight DIP switches not shown, providing, depending on their 

positions, either a HIGH or LOW level to the respective pins of the analogue port. Many of the other pins are 

connected to various of the pins of the A ports of the six octal buffers, 42 to 47 of the type SN74BCT8245. 

These buffers have special circuitry provided to support JTAG boundary scan testing. 

The circuit has terminals 48 to 53 for a JTAG connector cable which connects the circuit to a test pattern 
25 generation and analysis system. In particular there are four terminals 50-53 for connection of the test bus sig

nals TMS,TDO,TDl,TCK. The TMS terminal 50 is connected to the TMS input pin of each of the octal buffers 

42-27 and to the SPICLK pin of the microcontroller 41 which serves as its TMS pin. The TCK terminal 53 is 

connected to the TCK input pin of each of the octal buffers 42-47 and to the INT3 pin of the microcontroller 

41 which serves as its TCK pin. Also provided in the circuit is a scan path; this starts at the TDI terminal 52
30 and passes into the microcontroller 41 at its SPISOMI pin, which serves as its TCK pin. The scan path then 

continues on through each of the octal buffers 42-47 in turn, passing into each at its TDI pin and passing out

at its TDO pin, to arrive finally at the TDO terminal 52.

The octal buffers 42-47 and the microcontroller 41 have suitable connections to a power supply, not shown. 

The microcontroller is suitably connected to a crystal 54 for controlling the frequency of its internal clock. The 
35 reset pin of the microcontroller 41 is connected through an RC network to a HIGH signal level, so that the 

reset pin is held at its active LOW level for a few moments after the power supply is turned on, before rising 

to a HIGH level and allowing the microcontroller 41 to start operating. The octal buffers 42-47 have their DIR 

pins connected to a HIGH level, so that the buffers are configured with their A port pins as inputs and their B 

port pins as outputs. Various of t he B port output pins of the octal buffers 42-47 are connected to driver circuits 
40 not shown which, depending on the levels of the signal outputs of the buffer, illuminate light emitting diodes, 

not shown. 

The microcontroller 41 having the appended program stored in its EPROM makes the testing of all the 

interconnections of the circuit with a JTAG test pattern generator and analysis system a straightforward matter. 

Firstly, the test pattern generator and analysis system is given a description of the circuit in terms of the in-
45 terconnections between the integrated circuits, those being those between the octal buffers 42-47 and the 

microcontroller 41, and in terms of the order of, and the latches contained on, the boundary scan cells of the 

integrated circuits. For the microcontroller the boundary scan cells are simulated by the appended program 

and the information required is given in the table at the start of the program. The circuit can then be connected 

to the test pattern generator and analysis system. 
so In trials of the microcontroller with the appended program it was found that the test bus clock signal TCK 

could be operated at a rate of up to about 4 kHz. 

The full JTAG standard requires, for an integrated circuit to conform to that standard, that the integrated 

circuit can be clocked at any speed from 0Hz to several MHz. Although clearly the maximum clock rate of 4kHz 

achieved by the microcontroller in the trial does not conform to the wide ranging speed requirement of the stan-
55 dard, the microcontroller does conform to the JTAG protocol and therefore enables the circuit interconnections 

to be tested. Since the test as described above does not require redesign of the microcontroller to enable the 

test to be executed, the microcontroller can retain compatibility with its earlier versions. 

The test now proceeds, as described above in relation to Figure 1, with the test pattern generator gener

ating test patterns which are fed to the integrated circuits of the circuit along the scan path. Certain of the bits 
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of the test pattern after being latched into the integrated circuits are transferred via the circuit interconnections 

to other latches of the integrated circuits. The resulting pattern of bits is output along the scan path to the ana

lysis system for analysis. 

5 The appended program as it stands does not terminate and expects the testing to continue indefinitely. 

However it could be modified so that if there were an application program also resident in the EPROM of the 

microcontroller this could be executed while the appended program was waiting in the TEST-LOGIC-RESET 

state. 

The appended program can be used in the following way. The program is stored in the EPROM of the mi-

10 crocontroller by the manufacturer of the microcontroller before the device is shipped to the manufacturer of a 

circuit into which it is to be assembled, for example that of Figure 5, who installs the microcontroller in the circuit 

and tests the circuit wiring using boundary scan testing as described above. Once the test has been success

fully completed, the program is of no further use (except perhaps if the circuit is returned for servicing by its 

end user), and consequenUy the storage space in the EPROM is wasted. The manufacturer of the assembled 

15 circuit can, if he wishes, erase the program in the EPROM and use the space to store at least part of an ap

plication program required to operate the circuit. In that way, all of the EPROM storage space can be used for 

application programs after the test program has been erased. In the case of the circuit of Figure 5 such an 

application program might illuminate the light emitting diodes in a sequence which depends on the setting of 

the DIP switches. 

20 Such rewriting of the EPROM means that a JTAG testable microcontroller has been provided not only with-

out special circuitry being added to the design of the microcontroller but also without permanenUy using any 

of the resources of the microcontroller except for the four pins used for connection to the test bus. The latter 

is not a serious disadvantage because very few circuits including a microcontroller require the use of all of their 

pins and the program can easily be rewritten so that connection of the test bus is made to otherwise unused 
25 pins. If necessary it might be possible after testing of the circuit to reconnect the pins connected to the test 

bus to other interconnections by moving links or with other means. 

30 

35 

40 

45 

50 

55 

10 
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APPENDIX 

5 

THE DATA REGISTER DEFINITIONS FOLLOW :-

BIT NUMBER PIN No. DEFINITION REGISTER BIT No. PFILE 

0 17 AO DATA RlOO 0 P022 

10 
l 18 Al DATA 1 
2 19 A2 DATA 2 

3 20 A3 DATA 3 
4 21 A4 DATA 4 
5 22 AS DATA 5 
6 23 A6 DATA 6 
7 24 A7 DATA 7 

15 8 AO DDR RlOl 0 P023 
9 Al DDR 1 
10 A2 DOR 2 
11 A3 DOR 3 
12 A4 DOR 4 
13 AS DDR 5 

20 14 A6 DOR 6 
15 A7 DOR 7 
16 65 BO DATA Rl02 0 P026 
17 66 Bl DATA l 
18 67 B2 DATA 2 
19 68 B3 DATA 3 

25 
20 1 B4 DATA 4 
21 2 BS DATA 5 
22 3 B6 DATA 6 
23 4 B7 DATA 7 
24 BO DOR Rl03 0 P027 
25 Bl DOR l 
26 B2 DOR 2 

30 27 B3 DDR 3 
28 B4 DDR 4 
29 BS DDR 5 

30 B6 DDR 6 
31 B7 DDR 7 
32 5 co DATA Rl04 0 P02A 

35 33 7 Cl DATA 1 
34 8 C2 DATA 2 
35 10 C3 DATA 3 

36 11 C4 DATA 4 

37 12 cs DATA 5 

38 13 C6 DATA 6 

40 
39 14 C7 DATA 7 
40 co DOR Rl05 0 P02B 
41 Cl DDR l 

42 C2 DDR 2 
43 CJ DOR 3 
44 C4 DDR 4 
45 cs DDR 5 
46 C6 DDR 6 
47 C7 DDR 7 

48 64 DO DATA Rl06 0 P02E 
49 60 01 DATA 1 
50 59 D2 DATA 2 
51 58 D3 DATA 3 

50 52 57 D4 DATA 4 

53 56 D5 DATA 5 

54 55 D6 DATA 6 
55 54 D7 DATA 7 
56 DO DDR Rl07 0 P02F 
57 Dl DOR 1 

55 58 D2 DOR 2 

11 
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59 

60 

61 
5 62 

63 
64 

65 

66 
67 

10 68 

69 
70 

71 

72 
73 

15 
74 

75 

76 

77 
78 
79 

80 
20 81 

82 

83 
84 

85 

86 

25 87 

88 

89 

90 

91 

92 

93 
30 

94 

95 
96 

97 

98 

99 
35 100 

101 

102 

103 

104 

105 

40 106 

107 

108 
109 

110 

111 

45 
112 
113 

114 

115 

116 

117 

50 
118 

119 

120 

121 

122 

55 

44 

44 

46 

46 

45 

45 

25 

25 

27 

27 

26 

26 

28 

28 

29 

29 

30 

30 

36 

37 
38 

39 

40 

41 

42 

43 

EP O 588 507 A2 

D3 DDR 
D4 DDR 

D5 DDR 
D6 DDR 
D7 DDR 
TlEVT DOR 

TlEVT DATA OUT 
TlEVT DATA IN 

TlCR DDR 

TlCR DATA OUT 

TlCR DATA IN 

TlPWM DDR 

TlPWM DATA OUT 

TlPWM DATA IN 

T2EVT DDR 

T2EVT DATA OUT 
T2EVT DATA IN 

T2CR DDR 

T2CR DATA OUT 
T2CR DATA IN 

T2PWM DDR 

T2PWM DATA OUT 

T2PWM DATA IN 
SCICLK DDR 

R108 

Rl09 

RllO 

Rlll 

Rl12 

SCICLK DATA OUT 

SCICLK DATA IN 

SCIRXD DDR Rl13 

SCIRXD DATA OUT 

SCIRXD DATA IN 

SCITXD DDR 

SCITXD DATA OUT 

SCITXD DATA IN 
AN 0 Rl14 
AN 1 
AN 2 

AN 3 

AN 4 

AN 5 

AN 6 

AN 7 

Rl15 

12 

3 

4 

5 

6 
7 
0 
l 

2 
3 

4 

5 

6 

7 

0 
l 

2 
3 

4 

5 

6 
7 

0 

1 

2 

3 
4 

5 

6 
7 

0 

1 

2 
3 

4 

5 

6 

7 

0 

1 

2 

3 

4 

5 

6 

7 

0 

l 

2 

3 

4 

5 

6 

7 

0 

l 

2 

3 

4 

5 

6 

7 

0 
l 

2 
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123 3 
124 
125 5 

5 126 52 INTl DATA IN 6 
127 
128 R116 0 P018 
129 l 
130 2 
131 51 INT2 DATA OUT 3 

10 
132 INT2 DDR 4 

133 5 
134 51 INT2 DATA IN 6 
135 7 

TOI SPISOMI PIN 49 

15 

TOO = SPISIMO PIN 48 

TMS = SPICLK PIN 47 

TCK INT3 PIN 50 

20 

INTERNAL REGISTER ALLOCATION FOLLOWS :-

STACK R20 (14H) 

OUTREG R50 (32H) DATA REGISTER OUTPUT LATCH 
25 

BYPASS REGISTER R5l (33H) not used 

STATE_L REG R52 (34H) HOLDS MSB OP NEXT STATE IF TMS=O 

STATE_L REG R53 (35H) HOLDS LSB OF NEXT STATE IF TMS=O 
30 

STATE_H REG R54 (36H) HOLDS MSB OF NEXT STATE IF TMS=l 

STATE_H REG R55 (37H) HOLDS LSB OF NEXT .STATE IF TMS=l 

INSTRUCTION REG R56 (38H) 

TMS_DELAY R57 (39H) DELAY FLAG FOR TMS PIPELINE 

DATA REGISTER RlOO TO R116 (64H) (74) 

40 

45 

50 

55 

13 
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.text 

.GLOBAL DR CAPTURE 

.GLOBAL DR-SHIFT 

.GLOBAL DR-EXITl 

.GLOBREG STATE H 

.GLOBREG STATE-L 

.GLOBREG INSTRUCT REG 

.GLOBREG OUTREG -

.GLOBREG TMS_DELAY 
; 
DR_CAPTURE MOV 

CMP 
JNZ 

iOlH,TMS_DELAY 

iOOH,INSTRUCT REG 
BYPASS_C 

-

INSTRUCTION=O, SO MODE MUST BE XTEST 

CHECK INSTRUCTION REGISTER 
IF NOT 00, ASSUME BYPASS 

LOAD ALL I/0 INTO RAM BASED SHIFT REGISTER 

; 
CAPTURE_NEXT 

; 

MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 

MOVW 
MOVW 
RTS 

P022,Rl00 
P023,Rl01 
P026,Rl02 
P027,Rl03 
P02A,Rl04 
P02B,Rl05 
P02B,Rl06 
P02F,Rl07 
P04D,Rl08 
P04B,Rl09 
P06D,Rll0 
P06E,Rlll 
POSD,Rll2 
POSE,Rll3 
P07D,Rll4 
P017,Rll5 
P018,Rll6 

iDR_SHIFT,STATE_L 
jDR_EXITl,STATE_H 

PORT A I/0 
PORT A DOR 
PORT B I/0 
PORT B DOR 
PORT C I/0 
PORT C DOR 
PORT D I/0 
PORT D DOR 
TIMER 1 I/0 
TIMER 1 I/0 
TIMER 2 I/0 
TIMER 2 I/0 
SCI I/0 
SCI I/0 
A-D I/P
INTI I/0
INT2 I/0

NEXT STATE IS DR SHIFT 
NEXT STATE IS DR=EXITl 

35 BYPASS_C MOV jOlOH,OUTREG LOAD '0' INTO OUTPUT REGIST 
JMP CAPTURE_NEXT 

.END 

40 

45 

50 

55 
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; 

SPIPC2 

; 

.text 

.GLOBAL DR EXITl 

.GLOBAL DR-PAUSE 

.GLOBAL DR-UPDATE 

.GLOBAL DR:SBIFTl 

.GLOBAL BYPASS Sl 

.GLOBREG STATE-B 

.GLOBREG STATE-L 

.GLOBREG TMS DELAY 

.GLOBREG INSTRUCT_REG 

.EQU P0JE 

EP O 588 507 A2 

DR_EXITl BTJO 
HOV 

#01,TMS DELAY,NO DELAYl 
iOl,TMS:DELAY -

; 

DELAYl 

; 

CMP 
JNZ 

i0OB,INSTRUCT REG 
BYPASS_DBLAY -

SHIFT_DELAY CALL DR SBIFTl 
NO=DELAYl JMP 

; 

BYPASS_DELAY CALL BYPASS_Sl 
; 

NO_DELAYl MOVW iDR PAUSE,STATE L 
iDR=UPDATE,STATE_B MOVW 

RTS 

.END 

.text 

.GLOBAL DR EXIT2 

.GLOBAL DR:SBIFT 

.GLOBAL DR UPDATE 

.GLOBREG STATE H 

.GLOBREG STATE:L 
; 

DR_EXIT2 MOVW iDR_SBIFT,STATB_L 
MOVW iDR_UPDATE,STATE_H 
RTS 

.END 

.text 

.GLOBAL DR_EXIT2 

.GLOBAL DR PAUSE 

.GLOBREG STATE B 

.GLOBREG STATE:L 
; 

DR_PAUSE MOVW iDR_PAUSE,STATE_L 
MOVW iDR_EXIT2,STATE_B 
RTS 

.END 

15 

CHECK INSTRUCTION REGISTER 
IF NOT OOH, ASSUME BYPASS 

NEXT STATE IS DR PAUSE 
NEXT STATE IS DR=UPDATE 

NEXT STATE IS DR SHIFT 
NEXT STATE IS DR:UPDATE 

NEXT STATE IS PAUSE 
NEXT STATE IS DR_UPDATE 
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.text 

.GLOBAL IR SCAN 

.GLOBAL DR=SC.AN 

.GLOBAL DR CAPTURE 

.GLOBREG STATE L 

.GLOBREG STATE=H 

SPIPC2 .EQU P03E 

EP O 588 507 A2 

DR_SCAN MOVW 
MOVW 
RTS 

iDR CAPTURE,STATB L 
iIR=SCAN,STATE_H -

,END 

16 

NEXT STATE IS DR SHIFT 
NEXT STATE IS IR=SCAN 
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.text 

.GLOBAL DR_BXITl 
5 .GLOBAL DR SHIFT 

.GLOBAL DR-SHIFTl 

.GLOBAL BYPASS Sl 

.GLOBRBG STATE-L 

.GLOBREG STATB-H 

.GLOBRBG OUTREG 

.GLOBREG INSTRUCT REG 
10 • GLOBREG OUTREG -

.GLOBREG TMS DELAY
SPIPC2 ,EQU- P03E 
INT3CTL ,EQU P019 

EP O 588 507 A2 

15 DR_SHIFT CMP 

JNZ 

iOOH,INSTRUCT REG ; CHECK INSTRUCTION REGISTBR 
BYPASS_S 

-
; IF NOT OOH, ASSUME BYPASS 

20 

25 

30 

35 

40 

45 

50 

55 

BTJO 
CALL 
JMP 

tOIH,TMS DELAY,OUTPUT 
DR SHIFTl 
OUTPUT 

IS THIS THE FIRST TIME 
INTO DR SHIFT? IP SO, 
DON'T SHIFT I 

SHIFT REGISTER ROUTINE, BY ROTATING THROUGH CARRY THE LEAST SIGNIFICANT 
BIT OF BACH REGISTER CAN BE INPUT TO THE NEXT REGISTER IN THE CHAIN 
AUTOMATICALLY. 

; 

DR SHIFTl 
rn:zERO 

IN ONE 
ROTATE 

; 

OUTPUT 
OUT_ZERO 

OUT_ONE 
, 

WAIT_NEGl 

BTJO 
CLRC 
JMP 
SETC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RRC 
RTS 

BTJO 
MOV 
JMP 
MOV 

MOV 
MOV 
EINTH 
IDLE 

MOVW 
MOVW 
RTS 

i08H,SPIPC2,IN_ONB 

ROTATE 

Rl16 
RllS 
Rll4 
Rll3 
Rll2 
Rlll 
RllO 
Rl09 
RIOS 
Rl07 
Rl06 
Rl05 
Rl04 
Rl03 
Rl02 
RlOl 
RlOO 

iOlB,RlOO,OUT ONE 
iOlOB,OUTREG -
WAIT NEGl 
fOSOB,OUTREG 

iOOB,TMS DELAY 
i01B,INT3CTL 

fDR SHIFT,STATE L 
iDR=EXITl,STATE=H 

17 

COPY TOI (SPISOMIJ TO CARRY 

SHIFT STATE OF SPISOMI INTO 
Rll6 AND SHIFT ALL REGISTER 
TOWARDS LSB. 

LAST SHIFT FEEDS LSB 
INTO CARRY 

PRE-LOAD OUTPUT REG WITH 
LSB AND TOO ENABLE BIT 
READY FOR -VE TCK EDGE 

ENABLE TCK (INT3) FOR 
-VE EDGE DETECTION

NEXT STATE IS DR SHIFT 
NEXT STATE IS DR=EXITl 
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; 

BYPASS_S 

; 

BYPASS_Sl 
; 

IN_ZER02 

; 

IN_ONE2 

, 

.text 

EP O 588 507 A2 

BTJO iOlH,TMS DELAY,WAIT NEGl; IS THIS THE FIRST TIME 
CALL BYPASS Sl 

-
; INTO BYPASS? IF SO, 

JMP WAIT_NEGl ; DON'T SHIFT I 

BTJO 

MOV 
RTS 

MOV 
RTS 

.END 

iOBH,SPIPC2,IN_ONE2 

tOlOH,OUTREG 

tOSOH,OUTREG 

READ TDI (SPISOHI) 

LOAD '0' INTO OUTPUT REGIST 

LOAD 'l' INTO OUTPUT REGIST 

.GLOBAL DR SCAN 

.GLOBAL RUN TEST 

.GLOBAL DR UPDATE 

.GLOBREG STATE H 

.GLOBREG STATE-L 

.GLOBREG INSTRUCT_RBG 

SPIPC2 .EQU P03E 

; 
DR_UPDATE 

; 
BYPASS 

HOV iOO,SPIPC2 ; TRI-STATE TDO 

CMP iOOH,INSTRUCT_REG ; CHECK INSTRUCTION REGISTER 
JNZ BYPASS ; IF NOT OOH, ASSUME BYPASS 

HOV 
HOV 
MOV 
MOV 
MOV 
MOV 
MOV 
MOV 
HOV 
HOV 
HOV 
MOV 
HOV 
MOV 
HOV 
MOV 
HOV 

MOVW 
HOVW 
RTS 

.END 

RlOO,P022 
Rl01,P023 
R102,P026 
Rl03,P027 
R104,P02A 
Rl05,P02B 
R106,P02E 
R107,P02F 
Rl08,P04D 
R109,P04E 
R110,P06D 
Rlll,P06E 
R112,POSD 
R113,POSE 
R114,P07D 
Rll5,P017 
R116,P018 

iRUN TEST,STATE L 
iDR_SCAN,STATE_B 

18 

PORT A I/0 
PORT A DDR 
PORT B I/0 
PORT B DDR 
PORT C I/0 
PORT C DOR 
PORT D I/0 
PORT D DDR 
TIMER 1 I/0 
TIMER 1 I/0 
TIMER 2 I/0 
TIMER 2 I/0 
SCI I/0 
SCI I/0 
A-D I/P
INTl I/0
INT2 I/0

NEXT STATE IS RUN TEST 
NEXT STATE IS DR_SCAN 
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.text 

.GLOBAL IR CAPTURE 

.GLOBAL IR=SBIFT 
5 .GLOBAL IR EXITl 

.GLOBREG STATE B 

.GLOBREG STATE-L 

.GLOBREG INSTRUCT REG 

.GLOBREG TMS_DELAY 

10 IR_CAPTURE MOV iOlB,TMS_DELAY 

MOV iOlH,INSTRUCT_REG LOAD INSTRUCTION REG 
WITH 0000 0001 

MOVW iIR_SHIFT,STATE_L NEXT STATE IS IR SHIFT 
MOVW iIR_EXITl,STATE_H NEXT STATE IS IR=EXITl 

15 RTS 

.END 

.text 
20 .GLOBAL IR EXITl 

.GLOBAL IR-PAUSE 

.GLOBAL IR-UPDATE 

.GLOBAL IR-SHIFTl 

.GLOBREG STATE B 

.GLOBREG STATE-L 
25 

.GLOBREG TMS_DELAY 
; 
SPIPC2 .EQU P03E 

; 

IR EXITl BTJO iOl,TMS DELAY,NO DELAY 
EXITl_DELAY MOV iOl,TMS=DELAY -

30 CALL IR_SHIFTl 
; 

NO_DELAY MOVW IIR PAUSE,STATE L NEXT STATE IS IR PAUSE 
MOVW iIR=UPDATE,STATE_H NEXT STATE IS rn:uPDATE 
RTS 

35 .END 

.text 

.GLOBAL IR EXIT2 

.GLOBAL IR=SBIFT 

.GLOBAL IR UPDATE 
40 .GLOBREG STATE B 

.GLOBREG STATE=L 
; 
IR_EXIT2 MOVW iIR_SBIFT,STATE_L NEXT STATE IS IR SHIFT 

MOVW iIR_UPDATE,STATE_B NEXT STATE IS rn:uPOATE 
RTS 

45 .END 

.text 

.GLOBAL IR_EXIT2 
50 .GLOBAL IR PAUSE 

.GLOBREG STATE B 

.GLOBREG STATE=L 
; 
IR_PAUSE MOVW iIR_PAUSE,STATE_L NEXT STATE IS IR PAUSE 

MOVW iIR_EXIT2,STATE_B NEXT STATE IS IR=UPDATE 
55 RTS 

.END 

19 
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.text 

.GLOBAL IR SCAN 

.GLOBAL TL=RESET 

EP O 588 507 A2 

5 .GLOBAL IR CAPTURE 
.GLOBREG STATE L 
.GLOBREG STATE-H 
.GLOBREG TMS DELAY 

10 

15 

20 

25 

30 

TMS_DELAY ,EQU- R57 

SPIPC2 .EQU P03E 

, 

IR_SCAN MOVW 
MOVW 
RTS 

iIR CAPTURB,STATE L 
fTL:RBSET,STATE_B-

i 

SPIPC2 
INT3CTL 

,END 

.text 
,GLOBAL IR EXITl 

.GLOBAL IR SHIFT 

.GLOBAL IR-SBIFTl 
,GLOBREG STATE L 
.GLOBREG STATE-B 
.GLOBREG OUTREG 
,GLOBREG INSTRUCT REG 
.GLOBREG TMS_DELAY 

,EQU 
,EQU 

P03E 
P019 

i 

IR_SBIFT BTJO 
CALL 
JMP 

iOlH,TMS DELAY,OUTPUTl 
IR SBIFTl 
OUTPUTl 

; 

NEXT STATE IS IR SHIFT 
NEXT STATE IS TL:RESET 

IS THIS THE FIRST TIME 
INTO IR SHIFT? IF SO, 
DON'T SHIFT I 

IR SBIFTl 
IN=ZEROl 

BTJO 
CLRC 
JMP 
SETC 
RRC 
RTS 

i08H,SPIPC2,IN_ONE1 

ROTATE_IR 

INSTRUCT_REG 

COPY TDI (SPISOMI) TO CARRY 

35 

40 

45 

50 

55 

IN ONEl 
ROTATE_IR 

, 

OUTPUTl 

OUT_ZEROl 

OUT_ONEl 
; 
WAIT_NEG 

BTJO 

MOV 
JMP 
MOV 

NOV 
MOV 
EINTB 
IDLE 

MOVW 
MOVW 
RTS 

.END 

iOlH,INSTRUCT_REG,OUT_ONEl 

tOlOH,OUTREG 
WAIT NEG 
iOSOB,OUTREG 

iOOB,TMS DELAY 
i01H,INT3CTL 

tIR SHIFT,STATE L 
iIR:EXITl,STATE=H 

20 

SHIFT STATE OP TDI (SPISOMI 
INTO INSTRUCTION REGISTER R 
TOWARDS LSB. 

STATE OF IR LSB? 

COPY LSB TO 0/P REG 

CLEAR TMS DELAY 
ENABLE TCK ( INT3) FOR 
-VE EDGE DETECTION

NEXT STATE IS IR SHIFT 
NEXT STATE IS IR:EXITl 
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.text 

.GLOBAL DR SCAN 

.GLOBAL RUN_TEST 

.GLOBAL IR UPDATE 

.GLOBREG STATE H 

.GLOBREG STATE=L 

EP O 588 507 A2 

; 
SPIPC2 .EQU P03E 
; 
IR_UPDATE MOV 

MOVW 
MOVW 
RTS 

IFOO,SPIPC2 

; 
RUN_TEST 

!FRON TEST,STATB L 
iDR_SCAN,STATB_H 

.END 

.text 

.GLOBAL RUN_TEST 

.GLOBAL DR SCAN 

.GLOBREG STATE B 

.GLOBREG STATE=L 

MOVW 
MOVW 
RTS 

.END 

iRUN TEST,STATE L 
iDR_SCAN,STATE_H 

21 

TRI-STATE TOO 

NEXT STATE IS RUN TEST 
NEXT STATE IS IR_SCAN 

NEXT STATE IS RUN TEST 
NEXT STATE IS DR_SCAN 
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EP O 588 507 A2 

; 

INT3CTL 
ADENA 

.text 

.GLOBAL START 

.GLOBAL TCK 

.GLOBAL TL RESET 

.GLOBAL RUN TEST 

.GLOBREG STATE H 

.GLOBREG STATE-L 

.GLOBREG OUTREG 

.GLOBREG INSTRUCT REG 

.GLOBREG BYPASS_REG 

STATE L 
STATE-H 
OUTREG 
BYPASS REG 
INSTRUCT_REG 

,EQU 
.EQU 
.EQU 
.EQU 
.EQU 
.EQU 
.EQU 

P019 
P07B 
R53 
R55 
RSO 
R51 
R56 

.SECT ROMCODE 
; SOME KIND OF JTAG ENTRY TEST IS 
START NOP 

NOP 
NOP 
NOP 
BR JTAG 

.TEXT 
JTAG MOV iOFFH,ADENA 

MOVW iTL_RESET,STATE_H 
MOVW iRUN_TEST,STATE_L 
MOV i014H,B 
LDSP 
MOV iOO,P017 
MOV IOO,P018 
MOV IOO,P04B 
MOV IOO,P06B 
MOV iOO,P055 
MOV iOO,P054 
MOV IOO,P031 
HOV IOO,P071 
HOV I05B,INT3CTL 
EINTB 

WAIT IDLE 
BR WAIT 

.SECT VECTORS 

.WORD TCK 

.WORD START 

.WORD START 

.WORD START 

.END 

22 

; THIS TEST RESIDES IN ROM 
REQUIRED HERE 

ALL I/0 ASSUMED TRI-STATE 

BRANCH TO JTAG CODE IN EEPROM 

EEPROM STARTING ADDRESS??? 
ENABLE A-D INPUTS 
INITILISE STATE TO TL_RESET 

INITIALISE STACK POINTER AT R20 
DISABLE ALL UNUSED INTS 

ENABLE TCK (INT3) +VE EDGE 

WAIT FOR NEXT TCK 

INT3 VECTOR FOR TCK 7FF8,7FF9 
INT2 VECTOR UNUSED 
INT 1 VECTOR UNUSED 
RESET VECTOR TO ROM 7FFE, 7FFF 
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i 
SPIPCl 
SPIPC2 
INT3CTL 
i 
TCK 

i 

TCK_POS 
i 
TMS_LO 

; 

TMS_BI 

; 

TCK_NEG 

i 

EP O 588 507 A2 

.text 

.GLOBAL TCK 

.GLOBREG OUTREG 

.GLOBREG STATE L 

.GLOBREG STATE=H 

.EQU P03D 

.EQU P03E 

.EQU P019 

MOV j05B,INT3CTL 
BTJZ i040H,INT3CTL,TCK_NEG 

BTJO #08H,SPIPC1,TMS_BI 

CALL @STATE_L 
RTI 

CALL @STATE_B 
RTI 

MOV OUTREG,SPIPC2 

MOV #05,INTJCTL 
RTI 

.END 

.text 

.GLOBAL TL RESET 

.GLOBAL RUN TEST 

.GLOBREG STATE L 

.GLOBREG STATE-1:1 

.GLOBREG INSTRUCT_REG 

SPIPC2 .EQU P03E 

MOV 

MOV 

MOVW 
MOVW 
RTS 

i 

TL_RESET 

.END 

iOO,SPIPC2 

iOFFH,INSTRUCT_REG 

iRUN TEST,STATE L 
iTL_RESET,STATE=B 

23 

CLEAR INT3 
+VE OR -VE EDGE ON TCK (INT 

CHECK STATE OF TMS (SPICLK) 

CALL NEXT STATE ROUTINE 

OUTPUT BIT TO TDO (SPISIMO) 

RE-ARM TCK FOR +VE EDGE 

TRI-STATE TDO 

DEFAULT BY-PASS MODE 

NEXT STATE IS RUN TEST 
NEXT STATE IS TL_RESET 
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35 
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45 

50 

55 

SETUP.OBJ 
STATE.OBJ 
TL RESET.OBJ 
RUNTEST.OBJ 
DR CAPT.OBJ 
DR-EXITl,OBJ 
DR-EXIT2,0BJ 
DR-PAUSE.OBJ 
DR-SCAN.OBJ 
DR-SHIFT.OBJ 
DR-UPDAT.OBJ 
IR-CAPT.OBJ 
IR-EXITl.OBJ 
IR-EXIT2.0BJ 
IR-PAUSE.OBJ 
IR-SCAN.OBJ 
IR-SHIFT.OBJ 
IR=UPDAT.OBJ 

-o JTAG.OUT
-m JTAG.MAP

MEMORY 
{ 

EP O 588 507 A2 

RFILE: origin = 02h length= OFEh 
ROM: origin - 7000h length 1000h 
EEPROM: origin OlFOOh length= 0100h 

} 
SECTIONS 
{ 

ROHCODE 07000h { } > ROM 
,text 07700h : { } > ROM 
VECTORS 07FF8h {}> ROM 

24 

/* WILL BE EEPROM II */ 
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*****************************•*********************** 
TMS370 COFF Linker I Version 3.40 
***************************************************** 

5 
Mon Mar 26 21:21:10 1990 

OUTPUT FILE NAME: <JTAG.OUT> 
ENTRY POINT SYMBOL: 0 

MEMORY CONFIGURATION 
10 

name origin length attributes 
-------- -------- --------- ----------

RFILE 00000002 OOOOOOOfe RWIX 
EEPROM 00001£00 000000100 RWIX 
ROM 00007000 000001000 RWIX 

15 

SECTION ALLOCATION MAP 

output attributes/ 
section page origin length input sections 
-------- ---------- ---------- ----------------

20 ROMCODE 0 00007000 00000007 
00007000 00000007 SETUP.OBJ (ROMCODB) 

.text 0 00007700 0000020b 
00007700 0000002£ SETUP.OBJ ( .text) 
0000772£ 00000018 STATE.OBJ ( .text) 

25 00007747 0000000£ TL_RBSET.OBJ (.text) 
00007756 00000009 RUNTEST.OBJ ( .text) 
0000775£ 00000049 DR_CAPT.OBJ (.text) 
000077a8 0000001d DR_EXITl.OBJ (.text) 
000077c5 00000009 DR_EXIT2.0BJ (.text) 
000077ce 00000009 DR_PAUSE.OBJ (.text) 

30 
000077d7 00000009 DR_SCAN.OBJ (.text) 
000077e0 0000006c DR_SBIFT.OBJ (.text) 
0000784c 00000044 DR_UPDAT.OBJ (.text) 
00007890 0000000£ IR_CAP'l'. OBJ ( • text) 
0000789£ 00000013 IR_EXITl.OBJ (.text) 
000078b2 00000009 IR_EXIT2.0BJ (.text) 
000078bb 00000009 IR_PAUSE.OBJ (.text) 

35 000078c4 00000009 IR_SCAN.OBJ (.text) 
000078cd 00000032 IR_SBIFT.OBJ (.text) 
000078££ OOOOOOOc IR_UPDAT.OBJ (.text) 

VECTORS 0 00007ff8 00000008 
00007ff8 00000008 SETUP.OBJ (VECTORS) 

40 

.data 0 00000000 00000000 UNINITIALIZED 

.bas 0 00000000 00000000 UNINITIALIZED 

45 GLOBAL SYMBOLS 

address name address name
-------- --------

00000000 .bas 00000000 edata 
00000000 .data 00000000 .data 

50 
00007700 .text 00000000 end 
00000033 BYPASS REG 00000000 .bas

00007840 BYPASS-Sl 00000032 OUTREG 
0000775£ DR_CAPTURE 00000033 BYPASS_REG 

55 

25 
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000077a8 DR EXITl 
000077c5 DR-EXIT2 
000077ce DR-PAUSE 
000077d7 DR-SCAN 
000077ee DR-SHIFTl 
000077e0 DR-SHIFT 
0000784c DR-UPDATE 
00000038 INSTRUCT REG 
00007890 IR CAPTURE 
0000789f IR-BXITl 
000078b2 IR-EXIT2 
000078bb IR-PAUSE 
000078c4 IR-SCAN 
000078d6 IR-SBIFTl 
000078cd IR-SHIFT 
000078ff IR-UPDATE 
00000032 OOTREG 
00007756 RUN TEST 
00007000 START 
00000037 STATE H 
00000035 STATE-L 
0000772£ TCK -
00007747 TL RESET 
00000039 TMS DELAY 
00000000 edata 
00000000 end 
0000790b etext 

[33 symbols] 

EP O 588 507 A2 

00000035 STATE L 
00000037 STATE-H 
00000038 INSTRUCT REG 
00000039 TMS DELAY 
00007000 START 
00007700 .text 
0000772£ TCK 
00007747 TL_RESET 
00007756 RUN TEST 
0000775£ DR CAPTURE 
000077a8 DR-EXITl 
000077c5 DR-EXIT2 
000077ce DR-PAUSE 
000077d7 DR-SCAN 
000077e0 DR-SHIFT 
000077ee DR-SBIFTl 
00007840 BYPASS S1 
0000784c DR UPDATE 
00007890 IR-CAPTURE 
0000789£ IR-EXITl 
000078b2 IR-EXIT2 
000078bb IR-PAUSE 
000078c4 IR-SCAN 
000078cd IR-SHIFT 
000078d6 IR-SHIFTl 
000078ff IR-UPDATE 
0000790b etext 

Claims 

30 

1. A method of testing interconnections of a circuit having a plurality of integrated circuits,

at least some of the integrated circuits including 

storage elements respectively associated with some of the terminals of those integrated circuits 

and means for joining the storage elements into at least one shift register chain, 

35 the method including 
entering an initial test pattern of bits serially into the storage elements along the at least one shift 

register chain, 

transferring certain of the bits of the initial test pattern from the storage elements into which they 

were entered, via the terminals and interconnections, to others of the storage elements, 
40 retrieving the resulting pattern of bits serially from the storage elements along the at least one shift 

register chain, and 
comparing the initial test pattern and resulting pattern to derive information about the interconnec

tions, 

characterised in that 
45 at least one oft he plurality of integrated circuits is a microprocessor, there being stored in the circuit 

a test program which causes the microprocessor to perform a number of operations including 

entering serially into the microprocessor part of the initial test pattern of bits and storing it in a mem

ory, 

·reading certain of the bits stored in the memory and producing corresponding output signals on

so terminals of the microprocessor connected to particular interconnections, 

55 

reading bits via particular interconnections at terminals of the microprocessor and storing the re

ceived bits in the memory, and 

producing as an output from the microprocessor in serial form the received bits stored in the mem

ory, so as to enable interconnections connected to terminals of the microprocessor to be tested. 

2. A method according to claim 1 wherein the microprocessor has internal memory including a read-write

memory, the bits of the part of the initial test pattern being stored in that read-write memory.

3. A method according to claim 1 or claim 2, wherein the microprocessor has internal memory including a

26 
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non-volatile memory, the test program being stored in the non-volatile memory. 

4. A method according to claim 1 or claim 2, wherein the test program is stored in non-volatile memory ex

ternal to the microprocessor, the program being transferred from that memory to a read-write memory

internal to the microprocessor, the program being executed from that internal memory.

5. A method according to claim 3 or claim 4, wherein after a successful test of the interconnections of the

circuit, the test program is deleted from that non-volatile memory in which it is stored, thereby releasing

that memory for re-use.

6. A method according to claim 3 or claim 4 or claim 5, wherein the non-volatile memory is EEPROM. 

7. A method according to any one of the preceding claims in which control signals are applied to the inte

grated circuits to regulate the operations on the bits of t he initial test pattern and the bits derived therefrom,

wherein the test program in the microprocessor either polls inputs to which the control signals are applied

or is interrupted by the control signals so as to cause the test program to execute operations correspond

ing to those performed by the other integrated circuits in response to the control signals.

B. A method according to claim 7, wherein the control signals are test mode select (TMS), test clock (TCK), 

test data input (TOI) and test data output (TOO), and are conveyed by a test bus to all of the integrated 

circuits. 

9. A method according to any one of the preceding claims wherein the microprocessor is a microcontroller. 

25 10. A method according to claim 9 wherein the microcontroller is used in a single chip microcomputer mode. 

30 

35 

40 

45 

50 

55 
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of passive components interconnecting the IC's (16, 18). Each IC (16, 18) includes both analog (20, 22) and
digital circuitry and is provided with a test access port (24, 26) and boundary scan architecture for selectively
connecting components to an analog test bus (102, 104) and for testing for the integrity of interconnections.
When connected with the test bus (102, 104), a constant current is supplied to the component and the resulting
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the switches connecting the components to the test bus.
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- 1 - 2278689 

METHOD AND APPARATUS FOR TESTING 

INTEGRATED CIRCUITS 

This invention relates to a method and apparatus for 

5 testing integrated circuits in a mixed signal environment 

and more particularly to testing interconnects between 

integrated circuits mounted on printed circuit boards and 

for measuring the value of electrical components 

interconnecting the integrated circuits. 

10 A printed circuit board and system level interconnect 

test is a high priority need in industry. This is 

particularly so in the automotive industry where many 

different phases of electronic activity, from IC design to 

vehicle warranty and customer service, are present and thus 

15 involve several areas of testing and diagnostics. At the IC 

level a significant amount of testing of mixed-signal 

devices is required. In order to meet the electronic test 

and diagnostic needs of the automotive industry, the Design

for-Testability (OFT) real estate (both pin count and 

20 silicon) must be kept to a minimum in order for the cost to 

justify the benefits. 

The extended period of vehicle warranty requires 

significant field test and diagnostic capability, and 

hierarchial testing concepts are required, beginning at the 

25 integrated circuit (IC) level and extending to the discrete 

components on mixed-signal boards and peripheral analog 

elements in control systems. The increasing trend to 

integrate greater capability into IC's, resulting in 

embedded complexities, has significantly reduced the 

30 effectiveness of the present in-circuit testing methods at 

the board level via a "bed of nails" interface. There is 

therefore a need to provide a "virtual in-circuit" testing 

at all levels over an analog test bus. 

IC, subsystem and system level OFT approaches should 

35 entail structures that provide a means for testing for 

analog drift trends at critical locations within the IC's, 

PC boards and systems. Data paths to failure under harsh 

operating conditions are required to establish appropriate 

04/07/2004, EAST Version: 1.4.1 IPR2021-01488 
Apple EX1005 Page 90



- 2 -

warranty data. Pertinent data feedback over the life of the 

product to all levels of the process would enhance 

continuous improvement and project future requirements 

amidst increasing complexities. 

5 With the foregoing in mind, it is an object of the 

present invention to provide a method and apparatus for 

testing interconnects between integrated circuits which 

exist in a mixed signal environment. 

It is a another object of the invention to provide for 

10 the measurement of passive components on printed circuit 

boards which components interconnect analog circuitry on 

separate IC's mounted on the board, wherein the measurement 

approach is compatible with boundary scan techniques used in 

prior art tests of digital integrated circuits. 

15 In accordance with the present invention each IC is 

provided with multiplex switches for selectively connecting 

one or more electrical components, such as resistors, 

capacitors or conductors, either to core analog circuitry in 

two separate IC's or to a test bus on the IC's. The 

20 selection is accomplished by providing a digital test signal 

which connects the appropriate components to the test bus. 

In one embodiment each IC includes a single bus. When 

connected with the test bus, a programmable constant current 

is supplied to the component and the resulting voltage 

25 developed across the bus is used for identifying the value 

of the component. In a second embodiment each IC includes a 

pair of buses which permits measurement of the impedance of 

the multiplex switches providing a more accurate measurement 

of the component values. Other switches and storage 

30 elements are provided on each IC for providing a digital 

test of the integrity of connections between pins on or 

between the IC's and for storing the result of the test. 

35 
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The invention will now be described further, by way of 

example, with reference to the accompanying drawings, in 

which: 

Figure 1 is a diagram of a conventional in-circuit 

5 tester; 

Figure 2 is a schematic diagram of the present 

invention applied to a printed circuit board environment;, 

Figure 3 is a schematic diagram showing greater detail 

of the switch control circuitry in Figure 2; 

10 Figure 4 is a schematic diagram of a second embodiment 

of the invention; 

Figure 5 is a block diagram showing application of the 

invention to the automotive system environment. 

Referring now to the drawings and initially to Figure 

15 1, a conventional in-circuit tester employed in many 

manufacturing plants where printed circuit boards are 

tested, is shown. An operational amplifier 10 having 

positive and negative inputs amplifies the difference 

between the two inputs by the gain of the circuit. Both 

20 inputs are extremely high impedance, and for most 

applications, they can be considered infinite in value. The 

op-amp is used to determine the value of analog components 

on the printed circuit board. 

In the standard in-circuit tester, electro-mechanical 

25 switches make up a front-end matrix to interface the 

amplifier 10 to a probe assembly designed to match the 

printed circuit nodal pattern. The switches Sl and S2 {in 

the matrix) are closed as required to sequence each analog 

component to be tested into the feedback path of the 

30 amplifier 10. S3 and S4 {in the matrix) are closed to 

ground resistors R2 and R3. A constant voltage source 12 is 

connected with Node 1 through resistor Rl. An unknown 

resistor Rx in the feedback path forms a voltage divider 

with Rl at Node 1. An analog-to-digital converter 14 

35 measures the output voltage (Vo) of the amplifier 10. With 

the positive input tied to a reference voltage (ground), the 

negative input {Node 1) becomes a virtual ground due to the 

amplifier forcing current through Rx until the voltage 
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difference across the two inputs is essentially zero. For 

instance, if the negative input tends to move positive, the 

output will be amplified in the opposite direction until the 

potential between the two inputs is essentially zero. If 

5 indeed Node 1 is virtual ground, and resistors R2 and R3 

have zero potential across them, then all of the current 

from source 12 (Ig) must go through Rx. The amplifier 10, 

voltage source 12 and resistore Rl form a constant current 

source. Since Ig is known and Vo is measured, Rx can be 

10 calculated. Excess current from the amplifier 10 (Ia and 

Ib) go through resistors R4 and R5, but have no effect on 

the calculation. 

Referring now to Figure 2, a portion of the in-circuit 

tester of Figure 1 is used in accordance with the present 

15 invention to test the integrity of the interconnections 

between a pair of mixed-signal integrated circuits 16 and 18 

and to measure passive components such as resistors R6-Rll 

and capacitors Cl-CJ, or a conductor 19 between the IC's. 

These components are mounted on a printed circuit board, 

20 which also supports the IC's 16 and 18. The IC's 16 and 18 

include core or "mission" analog circuitry 20 and 22 as well 

as digital circuitry, not shown. A Test Access Port (TAP) 

control circuitry, generally designated 24 and 26, is 

provided on each IC 16 and 18 respectively. The TAP's 24 

25 and 26 receive a Test Clock (TCK) and Test Mode Select (TMS) 

inputs and provide timing outputs, designated UPDATE DR and 

CLOCK DR in Figure 3, which control a data register 

generally designated 28. 

The register 28 includes eight stages 30-44 contained 

30 in IC 16 and eight stages 46-60 contained in IC 18. The 

data shifted through the register 28 controls multiplex 

devices 70-100 each of which includes a pair of switches. 

The devices 70-84 selectively connect the aforementioned 

passive board mounted components either to the input/output 

35 conductors of the analog circuitry 20, or to a test bus 102, 

a portion of which is contained within the IC 16 but 

accessible through a pin of the IC 16. Similarly, the 

devices 86-100 selectively connect the components either to 
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the input/output conductors of the circuitry 22 or to a test 

bus 104. The position of the switches in the devices 70-100 

is determined by a test vector or data word that is shifted 

in the register 28 via a Test Data In (TDI) line and shifted 

5 out via a Test Data out (TDO) line all under the control of 

the TAP control circuitry 24 and 26. Node 1 at the negative 

input of the operational amplifier 10 is connected with the 

test bus 102 and the output of the amplifier 10 is connected 

with the test bus 104. When at least one of the devices 70-

10 84 and one of the devices 86-100 is placed in a test mode 

position, a constant current from the generator 12 is fed 

through the closed switches to one or more of the passive 

components on the circuit board. The analog voltage 

developed at the output of the amplifier 10 is converted by 

15 the A/D converter 14 and fed to a computer 120 for 

determining the value of the component(s). The computer 120 

also controls the programmable generator 12 to set the 

desired current level. 

With reference to Figure 3, each of the multiplex 

20 devices 70-100 may contain D-type flip-flops 110-116. The 

test vector is shifted through the register 28 and the flip

flop 110 and 112 in each multiplex devices. At any 

particular point in time one of four binary data pairs, 

00,01,10, and 11 appear at the Q outputs of the flip-flops 

25 110 and 112. When the desired test vector has been serially 

loaded, the UPDATE DR signal shifts the data at the Q 

outputs of the F/F's 110, 112 to the F/F's 114 and 116 

respectively. The latched outputs of the F/F's ·control the 

gates of two FET switches respectively, to thereby select 

30 either the signal bus to the circuits 20 and 22 or the test 

buses 102 and 104. 

There are significant differences between the on-board 

test IC of Figure 2 and the external in-circuit tester shown, 

on Figure 1. Some of these differences are as follows: 1) 

35 The on-board test op-amp will not be powered by two power 

supplies, one for the positive voltage, and the other for 

the negative voltage. Instead, a protected voltage source 

derived from the vehicle battery (+V) would provide for 
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both. 2) The positive input to the op-amp, stimuli and 

voltage measuring circuit could be referenced to a voltage 

equal to +V/2. 3) The switching matrix, probe assembly, 

interconnect wiring and associated control software in the 

5 in-circuit tester are no longer needed for the simpler IC 

integrated approach. This will reduce the cost of future 

testers. 

Referring now to Figure 4, a second embodiment of the 

invention is shown. In this embodiment an analog bus having 

10 input and output lines 130 and 132 respectively extend 

within each of the plurality of IC's 134, and 134A mounted 

on the printed circuit board. The additional bus on each IC 

adds an additional pin over the embodiment of Figure 2, but 

provides offsetting advantages in accuracy of measurement of 

15 components, where the impedance of the multiplex switches is 

large. In order to conserve silicon real estate, the 

multiplex switches may be located on the IC so that 

relatively small amounts of silicon are used which will 

necessarily result in higher switch impedance values. 

20 A current source generally designated 140 is connected 

with the bus 130 and a voltage detector generally designated 

142 is connected with the bus 132. Alternatively, the 

source 140 could be a constant voltage source and the 

detector 142 would then be a current detector. The IC 134 

25 includes conductors 144 and 146 which connect with the buses 

130 and 132 respectively and to a plurality of switches. 

These switches are actuable to either an open or closed 

position under the control of test circuitry in a Test 

Access Port {TAP) 148 as previously discussed. The control 

30 circuitry includes a boundary-scan register (not shown) as 

is well known in the art and includes a standard interface 

providing instructions for control of the switches. In 

Figure 4, for purposes of illustration, each re includes 

four groups of switches generally designated 152-158, and 

35 152A-158A respectively. In the interest of brevity only 

group 156 will be discussed in detail. The switch group 156 

includes switches 160-168. Associated with each switch is 

an internal.impedance designated by the suffix "R". The 
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switch 160 is actuable to connect or disconnect the analog 

circuit 150 with a conductor 170 connected with an input pin 

of the IC 134. When a test mode is selected the switch 160 

is opened. The switch may be contained within the analog 

5 circuit 150. For example, the function performed by the 

switch 160 may be performed by turning off the output driver 

of an operational amplifier forming a part of the circuit 

150. In that case, it would be the responsibility of the IC

designer to fabricate the appropriate level of control from

10 the boundary scan test word. The switches 164 and 166 

connect the conductor 170 to the bus 130 and 132 through the 

conductors 144 and 146 respectively. The switches 166 and 

168 are connected with an IC operating voltage and ground 

respectively, and are provided to simulate the IEEE Standard 

15 1149.1 EXTEST in a mixed-signal environment. EXTEST is a 

connectivity test procedure for testing digital integrated 

circuits. Further details regarding EXTEST as well as 

background information may be had from the IEEE standard 

Test Access Port and Boundary-scan Architecture published by 

20 the IEEE, May 21, 1990. While not shown in Figure 4, it 

will be understood that the IC's contain digital as well as 

analog circuits. Control of the switches 166 and 168 will 

for example permit the detection of a cross family short 

between an IC pin connected with analog circuitry and an IC 

25 pin connected with digital circuitry. By selective closure 

of the switches to +V or to ground a digital 11 111 or 110 11 can 

be generated and then detected by a data register which 

includes a stage DR, associated with each switch group. 

By selective closure of the appropriate switches in the 

30 switch groups in IC's 134, and 134A, the component Zl can be 

connected with the constant current source 140 and 

appropriate measurements can be made by the detector 142 in 

order to determine the impedance of the component(s). 

Considering, for example, the component Zl and the switch 

35 group 156 in IC 134 and switch group 154A in IC 134A, the 

switch 164 is closed to connect one side of Zl to the 

current source 140 and switch 178A is closed to connect the 

other side of Zl to ground. The value of Zl is determined 
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by connecting the voltage detector 142 to the left side of 

Zl, by closure of switch 162, and measuring a voltage v
3

, 

then opening the switch 162 and closing the switch 172A, 

connecting the voltage detector 142 to the right side of Zl 

5 and measuring a voltage v4• The value of Zl is then the

difference between the voltage measurements v
3 

and v
4 

divided by the constant current. Any switch impedance in 

series with Zl will change v
3 

or v
4 

but not the difference 

V
3

-V
4

. 

10 The dotted line extensions of the conductors 144 and 

146 in IC 134, as well as the corresponding conductors in 

the re 134A, are intended to indicate that, if desired, 

measurement can be made within the analog circuit 150. 

Figure 5 shows the test bus extending beyond the 

15 control module board level into a typical sub-system such as 

an engine control module and to sensors or actuators 

connected with the module and existing in a harsh 

environments. In the automotive electronic industry, a 

control module interfaces with many peripheral sensors for 

20 monitoring the many variations of conditions through which 

the system must operate. For example, in the engine control 

system the air-fuel ratio must be at the right mixture under 

all atmospheric conditions, whether it be for temperature, 

moisture, altitude, etc. Many actuators are involved to 

25 meter the fuel, adjust the spark timing, re-circulate 

crankcase fumes, etc. to assure quality operating vehicles. 

Drift in impedance through the interconnecting circuitry 

cannot be ignored. The harsh operating environments of 

temperature extremes, temperature cycles, anti-freeze 

30 spills, road salts, etc., all effect the aging process. The 

many interconnections making up the system must be measured 

for analog changes. The common trial and error practices of 

replacing a sensor or actuator, disconnecting cables for 

test, etc., masks many real conditions producing failures, 

35 and destroy any hope of identifying the failure mechanisms 

in the natural setting. In Figure 5, the value of an 

electrical component forming an actuator 200 driven by re

134A, can be measured using the approach shown in Figure 4. 
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The switch groups 156A and 158A can be selectively closed in 

order to connect the sensor 200 with the constant current 

source such as 140 of Figure 4 and then voltage measurements 

on either side of the sensor are made using a voltage 

5 detector such as 142 of Figure 4.

10 

15 

20 

25 

30 

35 
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CLAIMS 

1. Apparatus for measuring electrical component means

interconnecting first and second integrated circuit devices 

5 which devices include first and second analog circuits 

respectively, said apparatus comprising a first and a second 

analog test bus means included in said first and second 

devices respectively, multiplex means included in each of 

said devices for selectively connecting said component means 

10 either to said analog circuit means or to said analog test 

bus means, test circuit means connected with said first and 

second test bus means and including a source for supplying a 

current to said component means when said component means is 

connected with said test bus means and detector means for 

15 determining the value of said component means. 

2. Apparatus as claimed in Claim 1, wherein each of

said devices further including switch means for selectively 

connecting a pin of the device with a voltage source or a 

20 reference voltage, each of said devices including storage 

means for storing a digital 1 or o for indicating the 

integrity of the interconnection between said pin and one or 

more other pins on said devices. 

25 3. Apparatus as claimed in Claim 1, wherein said

constant current is supplied by a programmable constant 

current generator and said voltage is measured by an analog 

to digital converter. 

30 4. Apparatus as claimed in Claim J, wherein said

constant current source includes an operational amplifier, 

means connecting one input of the amplifier to a reference 

voltage, resistor means connecting a second input of said 

amplifier to a constant voltage source, means connecting a 

35 node between said resistor means and said second input of 

said amplifier to said first test bus, means connecting the 

output of said amplifier to said second test bus, said 

converter means converting the analog voltage developed 
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across said first and second test buses to a digital value, 

and computer means for determining said selected component 

value based on said digital value. 

5 5. Apparatus as claimed in Claim 1, wherein said

electrical component means includes a plurality of passive 

components, said first and second analog circuits each 

including a plurality of input/output conductors, said first 

and second switch means each including a plurality of pairs 

10 of switches, one of each pair of said pairs of switches 

adapted to connect said components with said input/output 

conductors to establish a predetermined circuit 

configuration between said first and second analog circuits, 

the other of each pair of said pairs of switches adapted to 

15 connect one or more of said components across said first and 

second test buses. 

6. Apparatus as claimed in Claim 5, wherein said

multiplex means includes switch control means, said switch 

20 control means including a plurality of storage elements for 

selectively activating said pairs of semiconductor switches 

in accordance with a digital test vector. 

7. Apparatus as claimed in Claim 6, wherein each of

25 said storage elements includes at least a first and second 

flip flops for controlling respective switches in said pairs 

of switches. 

8. A method of measuring the value of an electrical

30 component interconnecting analog circuitry located on first 

and second integrated circuit devices and comprising the 

steps of: 

a. selecting the component for measurement by

disconnecting the component from said analog circuitry and 

35 connecting the component to a test bus and loading an 

appropriate digital test vector in memory means located on 

each of said devices, 
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b. passing a constant current through the selected

component, over an analog bus including at least one 

conductor and a switch located on each device and measuring 

the voltage developed across said conductors on said 

5 devices, 

c. determining the component value between said

devices using the voltage measured in step b. 

9. A method as claimed in Claim 8, wherein each analog

10 bus includes a pair of conductors and a pair of switches 

located on each device and wherein said step b. includes 

passing the current over one of the pair of conductors and 

one of the pair of switches on each device in one direction 

through said component, passing the current over the other 

15 of the pair of conductors and the other of the pair of 

switches in the opposite direction through said component, 

and passing the current through the pair of switches on one 

device and then the other device. 

20 10. Apparatus as claimed in Claim 1, wherein each of

said first and second analog test bus means includes a 

single conductor on each of said devices, the conductor on 

said first device connected with said source and the 

conductor on said second device connected with said detector 

25 means. 

11. Apparatus as claimed in Claim 1, wherein each of

said first and second analog test bus means includes a pair 

of conductor on each of said devices, one of each of said 

30 pair of conductors connected with said source and the other 

of each of said pair of conductors connected with said 

detector means. 

12. Apparatus as claimed in Claim 11, wherein each of

35 said devices includes at least first and second switches 

adapted to be concurrently closed and placed in series 

across said pair of conductors whereby the impedance of said 

first and second switches can be measured. 
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13. Apparatus as claimed in Claim 12, wherein each of

said devices includes an internal conductor connected to one 

side of each of said first and second switches, the other 

5 side of one of said switches connected with said source, the 

other side of the other of said switches connected with said 

detector. 

14. Apparatus as claimed in Claim 13, wherein each of

10 said devices includes a third switch connected between said 

internal conductor and a voltage source for the device and a 

fourth switch connected between said internal conductor and 

ground, said internal conductor being connected with a pin 

of said device, a storage element connected with said 

15 internal conductor for storing the logic level on said 

internal conductor when said third or fourth switch is 

closed. 

15. A method of measuring the value of one of a

20 plurality of electrical components interconnecting analog 

circuitry located on first and second integrated circuit 

devices and for testing the integrity of the interconnection 

between said devices, comprising the steps of: 

a. selecting a component by loading an appropriate

25 digital test vector in memory means located on each of said 

devices, 

b. passing a constant current through the selected

component and measuring the voltage developed across said 

selected component, 

30 c. determining the component value or the

integrity of interconnection between said devices using the 

voltage measured in step b. 

16. Apparatus for testing integrated circuits

35 substantially as herein before described with reference to 

figures 2 to 5 of the accompanying drawings. 
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17. A method for testing integrated circuits

substantially as herein before described with reference to 

figures 2 to 5 of the accompanying drawings. 

04/07/2004, EAST Version: 1.4.1 IPR2021-01488 
Apple EX1005 Page 103



. .. .. .. 

Patents Act 1977 
Examiner's report to the Comptrolle1· under Section 17 
(l'he Search report) 

1-$ Application number
GB 9409164.2 

Relevant Technical Fields 

(i) UK Cl (Ed.M)

(ii) Int Cl (Ed.5)

Databases (see below) 

GlU (VR3128 AND VR3130) 

G0lR (31/28, 31/30 AND 31/302) 

Search Examiner 
KEN LONG 

Dale of completion of Search 
4 AUGUST 1994 

(i) UK Patent Office collections of GB, EP, WO and US patent
specifications.

Documents considered relevant 
following a search in respect of 
Claims:-
1 TO 17 

(ii) NONE

Categories of documents 

X: Document indicating lack of novelty or of inventive step. P: Document published on or aficr U1e declared priority date 
but beforu the filing date of the present application. 

Y: Document indicating lack of inventive step if combined wilh 
one or more other documents of the same category. E: Patent document published on or after, but with priority dale 

earlier than, the filing date of lhe prescul application. 
A: Document indicating technological background and/or stale 

of lhe art. &: Member of the same patent family; corresponding documeul. 

Category 

A GB 2180355 A 

A GB 2157837 A 

A us 5070296 

Identity of document and relevant passages 

(N V PHILIPS) see particularly page 1 
lines 69 to 72 and 81 lo 108 

(MARS) see particularly page 1 lines 5 lo 12 
and 69 to 101 

(HONEYWELL) see particularly column 2 
lines 28 to 49 

Relevant to 
claim(s) 

Databases1The UK Patent Office database comprises cluslficd collections of OB, EP, WO and US pa lent specilicalions as outlined periodically in the O[licial Journal 
(Pa�111S). The on•line databases considered for search are also listed periodically in the Official Journal (Paltnls). 

T9 - 10028 Page 1 o[ 1 

04/07/2004, EAST Version: 1.4.1 IPR2021-01488 
Apple EX1005 Page 104



Preliminary Amendment Page 3 f 6 

for Dlvlslonal Appllcatl n filed herewith 

Amendments to the Claims: 

A clean version of the entire set of pending claims (including amendments to 

the claims, if any) is submitted herewith per 37 CFR 1.121 (c)(3). This listing of 

claims will replace all prior versions, and listings, of claims in the application. 

Listing of Claims: 

1. (Canceled)

2. (Currently amended) An electronic circuit� as claimed in Claim 1
I 

recited in claim u(. wherein the test unit-f1-20) comprises a Read Only Memory
I 

(ROM). 

· 3. (Currently amended) An electronic circuit� as claimed in Claim 1
I 

recited in claim W, wherein the test unit-f1-20) comprises a read/write register.
/ 

4. (Currently amended) An electronic circuit� as olaimeel in Claim 1

recited in claim 1 , wherein the test unit-{40€ij comprises a combinatorial circuit� 

implementing an XNOR function and being connected to the 1/0 nodes. 

5. (Currently amended) An electronic circuit� as claimed in Claim recited

in claim 4, �herein a first selection (410) of the 1/0 nodes are arranged to carry 

respective input signals and a second selection� of the 1/0 nodes are arranged 

to carry respective output signals and wherein the test unit-{4Ge) is arranged 

according to the following rules: 

S:\BR\N\17\N17203A PRELIMINARY AMENDMENT.DOC Atty. Docket No. N-17203-A 

IPR2021-01488 
Apple EX1005 Page 105



Preliminary Amendment Page 4of6 

f r Divisional Application filed herewith 

each output signal results from an XNOR function having at least two input 

signals, 

each output signal is dependent on a unique subset of the input signals, 

each input signal contributes to at least one output signal via a particular 

XNOR function. 

6. (Currently amended) An electronic circuit� as claimea in Claim 1
I 

recited in claim 1 , wherein the test unit� comprises a combinatorial circuit� 

implementing an XOR function and connected to the 1/0 nodes. 

7. (Currently amended) An electronic circuit� as slaimeEJ in Claim 1

recited in claim 1 , wherein the main unit� is arranged to bring the electronic 

circuit-(400} into the test mode on receipt via a subset of the 1/0 nodes (130) of a 

predefined pattern or sequence of patterns. 

8. (Currently amended) An electronic circuit� as slaimeEJ in Claim 1
I 

recited in claim u(. wherein the electronic circuit is provided with a test control node 
(' 

and wherein the electronic circuit is arranged to switch into the test mode on the 

basis of a signal value on the test control node. 

9. (Currently amended) An electronic circuit as olaimeEI in Claim 1 recited in

claimJrf. wherein the main unit is a Synchronous Dynamic Random Access Memory 
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for Dlvlsional Appllcatl n filed herewith 

(SCRAM} and the test mode is activatable by a read action following power up of the 

electronic circuit. 

/ (Currently amended} An electronic circuit-E400) comprising: 

a plurality of input/output (1/0) nodes (13Q) for connecting the electronic circuit 

to a further electronic circuit via interconnects, 

a main unit-{-140) for implementing a normal mode function of the electronic 

circuit, 

and a test unit� for testing the interconnects, 

the electronic circuit having a normal mode in which the 1/0 nodes (130) are 

logically connected to the main unit-f140) and a test mode in which the 1/0 nodes 

� are logically connected to the test unit�. 

charaGterised iA that wherein the test unit comprises at least one 

combinatorial circuit-{a02) implementing at least one of an XNOR function and an 

XOR function with at least two function inputs and a function output, the function 

inputs being connected to particular 1/0 nodes arranged to operate as input nodes of 

the test circuit and the function output being connected to a particular 1/0 node 

arranged to operate as output node of the test circuit. 

11-13 (Canceled)
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WO99/39218 18 PCT/1B99/00172 

Figure 6 schematically shows an alternative for the test unit for five inputs and 

two outputs. This figure corresponds with the Example 3 above. The test unit 406 has a three

input XOR gate 602 which implements the required exclusive-or function between ol and il, 

i2 and i3. The test unit further has a three-input XOR gate 604 which implements the 

5 exclusive-or function between the input pins i3, i4 and iS and the output pin o2. 

10 

The following table gives the patterns for Example 3 together with the required 

outputs. 

pattern iiiii 00 , 

number 12345 12 

1 00000 00 

2 10000 10 

3 01000 10 

4 00100 11 

5 00010 01 

6 00001 01 

7 lllll ll 

8 01111 01 

9 10111 01 

10 11011 00 

11 11101 10 

12 11110 10 

It is to be noted that the above-mentioned embodiments illustrate rather than 

limit the invention and that those skilled iti the art will be able to design many alternative 

embodiments without departing from the scope of the appended claims. In the claims, any 

reference signs placed between parentheses shall not be construed as limiting the claim. 
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