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APPARATUS AND METHOD FOR PROVIDING A 
CLOCK SIGNAL FOR TESTING 

CROSS-RELATED APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 09/507,302, ?led Feb. 18, 2000, entitled 
“Apparatus and Method For Providing A Clock Signal For 
Testing,” Which is incorporated by reference herein in its 
entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to an apparatus for 
and a method of providing a clock signal for testing a device. 

BACKGROUND OF THE INVENTION 

[0003] Semiconductor memories are used to store infor 
mation in computer systems. As processor speeds continue 
to increase, the capacity and data rate of memory devices 
also continues to increase. Typically the processor accesses 
data at a much higher data rate than the data rate of the 
memories. In a memory system, a memory controller pro 
vides an interface betWeen the memories and the processor. 
The memory controller and memories are designed to oper 
ate in accordance With prede?ned speci?cations. During the 
manufacturing process, the memory controller and memo 
ries are tested to ensure that they operate in accordance With 
the speci?cations. For example, the memory controller has 
inputs or pins that transmit and receive external clock 
signals, control signals and data signals. To test the memory 
controller, the memory controller is placed in a socket at a 
test station and the external clock signal and data signals are 
supplied, varied, and the performance of the memory con 
troller is measured. As data rates increase, the frequency of 
the external clock signal increases. Supplying an external 
high speed clock requires an expensive high speed tester. 
Memory controllers are becoming increasingly sophisticated 
and may provide an internal high speed clock signal. There 
fore, to reduce cost and simplify testing, an apparatus and 
method that uses the internal high speed clock for testing the 
memory controller is needed. 

SUMMARY OF THE INVENTION 

[0004] In summary, the present invention provides a clock 
signal driven device that has a clock pin for receiving an 
externally generated clock signal during a normal mode of 
operation. Internal circuitry coupled to the clock pin is 
responsive to the externally generated clock signal during 
the normal mode of operation. The device also has a clock 
source, such as a PLL, that provides an internal clock signal, 
and an internal clock generator that during a test mode of 
operation generates from the internal clock signal and 
asserts on the clock pin a test clock signal. The test clock 
signal has substantially similar signal characteristics to 
prede?ned signal characteristics of the externally generated 
clock signal. The device’s internal circuitry is responsive to 
the test clock signal during the test mode of operation. 

[0005] In a preferred embodiment, the device has tWo 
clock pins that receive externally generated differential 
clock signals, and the internal clock generator generates a 
pair of differential test clock signals that are asserted on the 
tWo clock pins. A set of clock current control bits are stored 
in a register. The internal clock generator includes a plurality 
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of clock output drivers for generating each test clock signal, 
With each of the clock output drivers being selectively 
enabled by a corresponding one of the clock current control 
bits. Each clock output driver preferably includes a sleW rate 
controlled predrive circuit that generates an intermediate 
clock signal having a sleW rate in accordance With a set of 
sleW rate control bits stored in a sleW rate control register. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] Additional objects and features of the invention 
Will be more readily apparent from the folloWing detailed 
description and appended claims When taken in conjunction 
With the draWings, in Which: 

[0007] FIG. 1 is a block diagram a memory system 
including a memory controller and memories during normal 
operation, the memory controller and memories having a 
clock interface circuit that generates an internal clock signal 
during testing in accordance With an embodiment of the 
present invention. 

[0008] FIG. 2 is a block diagram of an alternate embodi 
ment the memory system of FIG. 1 that uses differential 
clock signaling including a clock-to-master (CTM) signal 
and a complementary clock-to-master (/CTM) signal. 

[0009] FIG. 3 is a block diagram of an exemplary device 
that generates an internal CTM clock signal in accordance 
With an embodiment of the present invention. 

[0010] FIG. 4 is a block diagram of the memory controller 
in a test environment Which emulates the memory systems 
of FIGS. 1 and 2 during normal operation. 

[0011] FIG. 5 is a circuit diagram of an exemplary data 
output driver of FIG. 4. 

[0012] FIG. 6 is a circuit diagram of the internal CTM 
clock generator of FIG. 4. 

[0013] FIG. 7 is a circuit diagram of an exemplary sleW 
rate controlled predriver of FIGS. 5 and 6. 

[0014] FIG. 8 is a ?oWchart of a method of setting clock 
current control bits of a clock current control register of 
FIG. 3. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0015] In FIG. 1, the overall architecture of a bus 20 using 
a single-ended clock signal is shoWn. The bus 20 intercon 
nects a memory controller 22 and memories 24. In the 
memory controller 22 and memories 24, a bus interface (Bus 
I/F) 30 provides the connections to and signaling With the 
bus 20. The bus 20 is formed of signal lines 20-1, 20-2, 20-3 
and 20-4 that transmit control, data and clock signals. 
Physically, on each device 22, 24, the control, data and clock 
signals are supplied to and output from external connections, 
called pins 32, and the signal lines 20 interconnect respec 
tive pins 32 on different devices. Each device 22, 24 has bus 
output driver circuits 34 that connect to the pins 32 to 
transmit signals to other devices attached to the bus 20. In 
a device, each bus output driver circuit 34 drives a single 
signal line of the bus 20. For example, bus output driver 34-1 
in the memory controller 22 drives signal line 20-1. The 
device may be implemented using one set of signals, such as 
CMOS signals, While the bus may be implemented using bus 
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signals different from the CMOS signals. In one implemen 
tation, the CMOS signals use a ?rst set of voltage levels to 
represent information, While the bus uses a second set of 
voltage levels. The ?rst set of voltage levels is different from 
the second set of voltage levels. The ?rst and second sets of 
voltage levels may have different voltage sWings. Alter 
nately, the ?rst and second sets of voltage levels may also 
use different numbers of prede?ned voltage levels to encode 
information. Although multiple bus output drivers 34 are 
attached to a single signal line, logic in the bus interface 30 
synchroniZes the transmission of data among the devices on 
the bus so that the devices transmit data at times such that 
the receivers Will properly decode the data. The bus 20 
supports signaling With characteristics that are a function of 
many factors such as the system clock speed, the bus length, 
the amount of current that the output driver circuits can 
drive, the supply voltages, the spacing and Width of the Wires 
or traces making up the bus 20, the physical layout of the bus 
20 itself and the resistance of a terminating resistor Z0 36 
that may be attached to some of the signal lines of the bus 
20. 

[0016] The bus 20 uses current mode signaling. The output 
driver circuits 34 are designed to drive the bus 20 With a 
predetermined amount of current; and the bus receivers 38 
are designed to receive the signals sent by the output driver 
circuits 34 on the bus 20. The amount of current used to 
drive the bus is determined, at least in part, by the output 
driver circuits 34 and terminating resistors Z0 36. 

[0017] A subset of the signal lines 20 connect to termi 
nating resistors Z0 36 Which connect to a termination voltage 
VTERM. In one embodiment, the resistance of the terminat 
ing resistors Z0 36 is equal to tWenty-eight ohms. The 
termination voltage VTERM can be different from the supply 
voltage VDD. For instance, the supply voltage VDD may be 
equal to 2.5 volts While the termination voltage VTERM is 
equal to 1.8 volts. With respect to the bus signals, the 
termination voltage VTERM represents a logical Zero. When 
driving the logical Zero, the output driver circuit 34 does not 
drive current on its respective signal line 20. The bus voltage 
for a signal at a loW level VOL, Which represents a logical 
one, is equal to approximately 1 volt. When driving the 
logical one, the output driver circuit 34 drives approximately 
36 milliamps on the signal line 20. The voltage sWing of the 
signal line is 0.8 volts. In an alternate embodiment, the bus 
voltage for a signal at the loW voltage level represents a 
logical Zero, While the bus termination voltage VTERM 
represents a logical one. 

[0018] In one embodiment, the memories 24 are random 
access memories (RAMs). In an alternate embodiment, the 
memories 24 are read-only memories (ROMs). Alternately, 
the bus interface 30 is implemented in other semiconductor 
devices that use a bus 20 to interconnect various types of 
integrated circuits such as microprocessors and disk con 
trollers. 

[0019] In the exemplary memory system of FIG. 1, the 
memory controller 22 supplies an address to the memory 
24-1 using the control signal line 20-1 to transmit one bit of 
the address. For simplicity, the other control signal lines are 
not shoWn. In the memory 24-1, a bus receiver 38-3 receives 
the address bit and passes the received address to a decoder 
42. To receive the entire address, the decoder 42 receives 
address bits from multiple bus receivers. For simplicity, only 
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one bus receiver 38-3 is shoWn. The decoder 42 generates 
the signals to access the data stored at a particular roW and 
column of a memory cell array 44. To read data from the 
memory 24, in response to the decoder 42 and other control 
signals from the bus 20, the memory cell array 44 supplies 
data from the desired address to an input/output (I/O) buffer 
46 Which supplies the data to the bus 20-2 via the output 
driver 34-4. To Write data to the memory, the memory 
controller 22 supplies an address as described above. The 
memory controller 22 also supplies data signals via the 
output driver circuits 34 to the bus 20. The memory 24-1 
receives the address as described above, and also receives 
the data signals via the receiver 38-4 and passes the data to 
the memory cell array 44 for storage via the I/O buffer 46. 

[0020] A single-ended clock signal synchroniZes the bidi 
rectional transmission of data on the bus 20. When memory 
devices 24 transmit data toWards the memory controller 22, 
a clock-to-master (CTM) signal synchroniZes the data trans 
mission. A clock generator 48 supplies the CTM signal on 
clock signal line 20-3. The master device 22 supplies the 
clock-from-master signal on clock signal line 20-4 Which is 
terminated by resistor 36-4. On each device 22, 24, a CTM 
pin 32-3, 32-7, 32-9 receives the CTM signal. In the bus 
interface 30, a clock interface circuit 54 receives the CTM 
signal from the CTM pin 32-3 at the CTM node 50. 

[0021] When the memory controller 22 transmits data 
and/or control signals to a memory device 24, the clock 
from-master (CFM) signal synchroniZes the transmission on 
the bus 20. The bus interface 30 of the memory controller 22 
provides the CFM signal to clock signal line 20-4 via CFM 
pin 32-4. In the bus interface 30, the CTM node 50 is 
connected to the CFM pin 32-4. In this Way, the CTM signal 
becomes the CFM signal. The CFM signal is transmitted via 
the CFM pin 32-4 on signal line 20-4 Which is terminated by 
resistor 36-4. On each device 24, a CFM pin 32-7 and 32-10 
receives the CFM signal from the memory controller 22. 

[0022] FIG. 2 is an alternate embodiment of the bus 
system of FIG. 1 that uses differential clock signals. 
Complementary CTM and CFM signals, /CTM and /CFM, 
respectively, are used in addition to the CTM and CFM 
signals. The bus interface 30 of each memory device 24 
overlays the bus signal lines 20. The clock generator 48 
supplies the /CTM signal on signal line 20-5 Which is 
received at the /CTM pin 32-15 on each device 24 and at the 
/CTM pin 32-13 of the memory controller 22. A/CTM node 
52 connects the /CTM pin 32-13 to a /CFM pin 32-14 and 
the /CTM signal becomes the /CFM signal. The /CTM signal 
is received at a /CFM pin 32-16 on each device 24. 

[0023] As shoWn in FIG. 3, the exemplary memory con 
troller 22 has the bus interface 30 and a core 62. In one 
implementation, the bus interface 30 is a library macrocell 
that is used in application speci?c integrated circuit (ASIC) 
designs to interface the core of a CMOS ASIC device to a 
high-speed bus 20. The CMOS ASIC device may be the 
memory controller 22 (FIG. 1), the memory device 24 (FIG. 
1) or other integrated circuit. 
[0024] The core 62 is the portion of a device that imple 
ments a speci?ed function. In this example, the core 62 
includes memory controller logic. In another example, refer 
ring back to FIG. 1, in a memory 24, the core 62 includes 
the decoder 42, memory array 44 and I/O buffer 46. 

[0025] In FIG. 3, the bus interface 30 provides the cir 
cuitry and signaling to alloW the core 62 to communicate 
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With other devices on the bus 20. One function of the bus 
interface 30 is to provide an interface betWeen a sloW, Wide 
internal CMOS bus to the hi-speed narroW device bus 20. 
The data, control and clock pins, 64, 66, 32-3 and 32-13, 
connect to the control, data and clock signal lines, 72, 74, 
20-3 and 20-5, respectively, of the bus 20. For simplicity, a 
single data signal line 72, control signal line 74, data pin 64 
and control pin 68 are shoWn. As described above, each data 
pin 64 connects to a receiver 38 and to an output driver 34. 
Other output drivers 34 transmit the control signals onto the 
control signal lines 74 via control pins 66. 

[0026] During normal operation, the external clock sig 
nals, the CTM and /CTM signals, are supplied to the CTM 
and /CTM clock input pins, 32-3 and 32-13, by an external 
clock source via the CTM and /CTM clock signal lines, 20-3 
and 20-13, respectively. 

[0027] During testing, the device 22 internally generates 
the CTM and /CTM signals, rather than receiving the CTM 
and /CTM signals from an external source. In the core 62, a 
phase-locked loop (PLL) 80 supplies an internal PLL clock 
signal to the clock interface circuit 54. The internal PLL 
clock signal has a frequency approximately equal to 400 
MHZ, and uses CMOS voltage levels rather than the voltage 
levels of the bus 20. The clock interface circuit 54 generates 
internal CTM and /CTM signals from the internal PLL clock 
signal. The internal CTM and /CTM signals have substan 
tially the same high voltage level, loW voltage level, sleW 
rate and frequency as the externally supplied clock signals. 
In particular, like the external CTM and /CTM clock signals, 
the internal CTM and /CTM clock signals have a frequency 
approximately equal to 400 MHZ, a high voltage of about 1.8 
volts and a loW voltage of approximately 1 volt. 

[0028] The clock interface circuit 54 receives the CTM 
and /CTM signals from the CTM and /CTM nodes, respec 
tively, and generates a ~0° clock signal and a ~90° clock 
signal, and a ~/0° clock signal and a ~/90° clock signal from 
the CTM and /CTM signals, respectively, to synchroniZe the 
transmission of data over the bus 20. The speci?ed number 
of degrees, such as 0° , in the signal name describes the 
approximate phase shift of that signal With respect to the 
CTM and /CTM clock signals at nodes 50 and 52, Whether 
supplied externally or generated internally. The tilde (~) 
indicates that the respective clock signal includes an offset 
With respect to the actual transmission time of the data over 
the bus 20 at pins 64. 

[0029] A data current control register 82 sets the amount 
of drive current that the data output drivers 34 use to drive 
an outgoing data signal onto a data signal line of the bus. A 
clock current control register 84 connects to the clock 
interface circuit 54 to set the amount of drive current to drive 
the internal clock signals during testing. The clock interface 
circuit 54 Will be further described With reference to FIG. 6. 

[0030] A sleW rate control (SRC) register 86 supplies sleW 
rate control bits to the output drivers 34 to set the sleW rate 
of the data and control signals. The SRC register 86 also 
supplies the sleW rate control bits to the clock interface 
circuit 54 to set the sleW rate of the internal CTM and /CTM 
clock signals. 

[0031] A logic circuit 88 connects to the data current 
control register 82, clock current control register 84 and sleW 
rate control register 86. The logic circuit 88 determines 
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operational values for the data current control bits, the clock 
current control bits and sleW rate control bits in the data 
current control register 82, the clock current control register 
84 and the sleW rate control register 86, respectively. 

[0032] In FIG. 4, the overall architecture of the clock 
interface circuit 54 of the bus interface in the memory 
controller 22 in accordance With an embodiment of the 
present invention is shoWn. The data receiver 38-2 receives 
the data signal from the data pin 32-2 and the ~0° clock 
signal, and outputs a received data signal. The data signal at 
pin 32-2 is received in accordance With an ideal 0° clock 
signal, the CTM signal. The ~0° clock signal is offset With 
respect to the actual appearance of the data signal at data pin 
32-2 by the set-up time of the receiver. Similarly, other data 
receivers receive data in accordance With the ~/0° clock 
signal Which is offset With respect to the actual appearance 
of the data signal at the data pins by the set-up time of the 
receivers. In other Words, the ~/0° clock signal is offset With 
respect to the /CTM signal. 

[0033] The data output drive circuit 34-2 drives data to be 
output onto the data signal line 20-2 in accordance With the 
~90° clock signal, data current control register and sleW rate 
control register of FIG. 3. The ~90° clock signal includes an 
offset With respect to the ideal data transmission time at data 
pin 32-2. The offset is substantially equal to a delay of a 
predriver circuit in the output drive circuit 34-2. Because of 
the offset, the output driver circuit 34-2 transmits data at pin 
32-2 at the ideal data transmission time, that is, synchro 
niZed to the CFM clock. Similarly, other data output drive 
circuits drive data onto the data signal line in accordance 
With the complementary ~/90° clock signal. The ~/90° clock 
signal also includes the offset of the predriver, and transmits 
data at pin 32-2 at the ideal complementary data transmis 
sion time, that is, synchroniZed to the /CFM clock. 

[0034] During testing, termination resistor 36-2 connects 
the data pin 32-2 to the termination voltage VTERM. The 
resistor 36-2 has an impedance ZO substantially equal to 28 
ohms. The cylinder 92 on the data signal line 20-2 represents 
the impedance of the data signal line 20-2 Which is substan 
tially equal to the impedance of the termination resistor 
36-2, that is, 28 ohms. 
[0035] The clock interface circuit 54 includes a delay 
locked loop (DLL) 94 that receives the CTM and /CTM 
signals from the CTM and /CTM nodes, 50 and 52, respec 
tively. The DLL 94 generates the ~0° clock signal and the 
~/90° clock signal from the incoming CTM signal at the 
CTM node 50. The DLL 94 generates the ~90° clock signal 
by delaying the incoming CTM signal from the CTM node 
50. The ~0° clock signal and the ~90° clock signal are 
supplied to at least a subset of the output drivers 34 and 
receivers 38 to synchroniZe the timing of data transmission 
betWeen the device 22 and the bus 20. Similar to the ~0° and 
~90° clock signals, the DLL 94 also generates the comple 
mentary ~/0° and ~/90° clock signals from the /CTM signal 
at the /CTM node 52. The DLL 94 supplies the ~/0° and 
~/90° clock signals to at least a subset of the data output 
drivers 34 and receivers to synchroniZe the timing of data 
transmission betWeen the device 22 and the bus 20. 

[0036] When the device 22 is tested, a test clock generator 
100 in the clock interface circuit 54 generates and provides 
the internal CTM and /CTM clock signals at the CTM and 
/CTM nodes, 50 and 52, rather than receiving the external 
CTM and /CTM clock signals, respectively. 
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[0037] The PLL 80 supplies the internal PLL clock signal 
to tri-state inverter 104. During testing, a PLL clock enable 
signal from a control register in the bus interface activates 
the tri-state inverter 104. When active, the tri-state inverter 
104 supplies the internal PLL clock signal to a test circuit 
106 and a complementary test circuit 108 in the test-clock 
generator 100. The test circuit 106 provides the internal 
CTM clock signal to the CTM node 50. The complementary 
test circuit 108 provides the complementary internal /CTM 
clock signal to the /CTM node 52. 

[0038] For testing, the device 22 is placed in a test socket 
at a testing station. Unlike in normal operation, in test 
operation, to prevent undesirable re?ections While using the 
internal clock signals, the CTM, CFM, /CTM and /CFM 
pins, 32-3, 32-4, 32-13 and 32-14, are pulled up to the 
termination voltage VTERM via 28 ohm termination resistors, 
112, 114, 116 and 118, respectively. 

[0039] FIG. 5 is a circuit diagram of an exemplary data 
output driver 34-2 of FIG. 4 that alternately outputs even 
and odd data on opposite phases of the ~90° clock signal. 
Because the data and control output drivers are the same, the 
description of data output driver 34-2 also applies to the 
control output drivers 34-1. The data output driver 34-2 
connects to data pin 32-2 Which is pulled-up to the termi 
nation voltage by the termination resistor 36-2 Which has an 
impedance of 28 ohms. The data output driver 34-2 has one 
or more current-control-data-output circuits 132 that are 
connected together at data node 134. Each current-control 
data-output circuit 132 drives the data node 134 With a 
predetermined amount of drive current in response to a 
distinct current control bit. Current control data output 
circuit 132-1 is responsive to current control bit 0, and 
current control data output circuit 132-2 is responsive to 
current control bit N. 

[0040] Each current-control-data-output circuit 132 has a 
data input circuit 136, a even-odd multiplexing circuit 138, 
a sleW-rate-controlled (SRC) predriver 140, and an output 
data-drive block 142. The output-data-drive block 142 has 
an NMOS drive transistor 144 that sinks a predetermined 
amount of current from the data node 134 to ground in 
response to an intermediate data signal provided by the SRC 
predriver 140 to its gate. The amount of current that the 
NMOS drive transistor 144 sinks is determined by its Width 
and length. The NMOS drive transistors 144 of the current 
control-data-output circuits 132 are binary Weighted With 
respect to each other. For example, the NMOS drive tran 
sistor 144-1 of the current-control-data-output circuit 132-1 
associated With current control bit 0 (CC<0>) is siZed to sink 
an amount of drive current equal to lo, While the NMOS 
drive transistor 144-2 of the current-control-data-output 
circuit associated With current control bit 1 (CC<1>) is siZed 
to sink an amount of drive current equal to one-half of IO. 
More generally, Where i represents the particular current 
control bit associated With a current-control-data-output 
circuit 132, the corresponding NMOS drive transistor 144 of 
the current-control-data-output circuit 132 associated With 
current control bit i (CC<i>) is siZed to sink an amount of 
drive current Ii in accordance With relationship (1) as 
folloWs: 

Nov. 4, 2004 

1 (1) 

[0041] In sum, all of the current-control-data-output cir 
cuits 132 are the same, except for receiving a distinct current 
control bit and having an NMOS drive transistor 144 With a 
distinct binary Weighting. 

[0042] The data input circuit 136 receives data bits to be 
output as even and odd data. The even data bit is output on 
the rising edge of the ~90° clock signal, and the odd data bit 
is output on the falling edge of the ~90° clock signal. The 
data input circuit 136 also receives one of the current control 
bits that determines Whether a respective current-control 
data output circuit 132 Will drive the data node 134. In the 
data input circuit 136, a ?rst AND gate 146 receives the 
even-data and a second AND gate 148 receives the odd data. 
Both the ?rst and second AND gates, 146 and 148, respec 
tively, receive the current control bit. When the current 
control bit is a digital one, the ?rst and second AND gates, 
146 and 148, alloW the even-data and the odd-data to be 
output, respectively. For example, When current control bit 
0 (cc<0>) is a digital one and the even-data is a digital one, 
the ?rst AND gate 146 outputs a digital one. When current 
control bit 0 (cc<0>) is a digital Zero, the ?rst and second 
AND gates, 146 and 148, respectively, output a digital Zero, 
regardless of the state of the even and odd data, and that 
current-control-data-output circuit 132-1 does not drive cur 
rent from the data node 134. 

[0043] In the even-odd-multiplexing circuit 138, ?rst and 
second tri-state inverters, 152 and 154, receive the even and 
odd data signals from the ?rst and second AND gates, 146 
and 148, respectively. The outputs of the ?rst and second 
tri-state inverters, 152 and 154, respectively, are connected 
together. The ~90° clock signal is supplied to complemen 
tary enable inputs on the ?rst and second tri-state inverters, 
152 and 154, to alternately output the even and odd data 
signals, respectively, during alternate phases of the ~90° 
clock signal as a multiplexed-data signal. The multiplexed 
data signal is supplied to the sleW-rate-controlled predriver 
140, and subsequently to the output-data-drive block 142. 
The sleW-rate-controlled predriver 140 Will be further 
described With respect to FIG. 7. 

[0044] FIG. 6 includes a more detailed circuit diagram of 
the test clock generator 100 of FIG. 4. The test clock 
generator 100 provides internal CTM and /CTM clock 
signals With substantially the same characteristics as the 
external CTM and /CTM clock signals that are provided 
during normal operation, thereby eliminating the need for an 
external clock generator. The internal CTM and /CTM clock 
signals have substantially the same frequency, duty cycle, 
sleW rate, loW output voltage, high output voltage, and 
voltage range as the external clock signals. Because the 
present invention supplies the internal CTM and /CTM 
clock signals to the CTM and /CTM nodes, 50 and 52, 
respectively, probes can be attached to the CTM, CFM, 
/CTM and /CFM output pins, 32-3, 32-4, 32-13, and 32-14, 
respectively, to monitor the respective signals Which pro 
vides additional testing capability. 

[0045] For example, the DLL 94 supplies the ~90° clock 
signal to the output driver circuit 34-1 (FIG. 4). During 
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testing, the ~90° clock signal is derived from the internal 
CTM clock signal at node 50, and has a ~90° phase shift 
With respect to the internal CTM clock signal. In other 
Words, the ~90° clock signal includes the offset for the 
predriver With respect to the internal CTM clock signal. 
Therefore, the output data Will be shifted 90° With respect to 
the internal CTM clock signal. If the device 22 fails a test, 
to further identify the cause of the failure, probes can be 
attached to the data pin 32-1, the CTM pin 32-3 and /CTM 
pin 32-13 to display the signals on a display and examine the 
relationship betWeen their timing. 

[0046] Because the CTM, CFM, /CTM and /CFM pins, 
32-3, 32-4, 32-5 and 32-6, respectively, are connected 
during testing to terminating resistors 112, 114, 116 and 118 
having the same resistance as the terminating resistors in 
normal operation, tWice as much drive current is needed to 
drive the CTM and /CTM nodes, 50 and 52, respectively, 
during testing as compared to normal operation. The amount 
of drive current to drive the data and clock signals to the 
same loW output voltage also depends on process, tempera 
ture and internal device characteristics. To more precisely 
adjust the drive current to provide an internal clock signal 
With substantially the same characteristics as the external 
clock signal, the test circuit uses one or more current 
controlled-clock output circuits 170 that are similar to the 
current-controlled-data output circuits 132 of FIG. 5. 

[0047] The current-controlled-clock output circuits 170 
are connected to the CTM node 50. Each current-controlled 
clock output circuit 170 drives a predetermined amount of 
current from the CTM node 50 in response to a respective a 
distinct clock current control bit from the clock current 
control register 84 (FIG. 3). In the test circuit 106, the 
number of clock current control bits and the number of 
current-controlled-clock output circuits 170 is preferably the 
same as the number of data current control bits and current 
control-data-output circuits 132, respectively, of the data 
output driver 32-1 (FIG. 5). 

[0048] In the data input block 172 of the current-con 
trolled-clock output circuit 170, the data input is ?xed. The 
input of the AND gate 174 is connected to the supply voltage 
to ?x the even data signal to a digital one rather than 
receiving an even data signal. The input to the AND gate 176 
is connected to ground to ?x the odd data signal to a digital 
Zero, rather than receiving an odd data signal. Because the 
data input to the second AND gate 174 is a digital Zero, that 
is, one input to the second AND gate 174 is connected to 
ground, the second AND gate 174 alWays outputs a digital 
Zero, regardless of the state of the current control bit for that 
AND gate 174. When the current control bit associated With 
the data input block becomes active, the ?rst AND gate 172 
outputs a digital one. 

[0049] The even-odd-multiplexing circuit 138 and the 
sleW-rate-controlled predriver 140 are the same as the even 
odd-multiplexing circuit 138 of the data output driver 34-1. 
When the internal PLL clock enable signal is active and the 
PLL clock buffer 104 is enabled, the internal PLL clock 
signal alternately enables and disables the respective tri-state 
inverters of the even-odd-multiplexing circuit to alternately 
output a “1” and a “0”. 

[0050] The sleW-rate-controlled predriver 140 is the same 
as the sleW-rate-controlled predriver 140 of the data output 
driver. The sleW-rate-controlled predriver 140 receives the 

Nov. 4, 2004 

output of the inverters 152, 154, and the same sleW rate 
control bits as the sleW-rate-controlled predriver 140 of the 
data output driver. The sleW rate control register 86 (FIG. 3) 
sets the sleW rate of the transitions of the internal CTM clock 
signal. The sleW-rate-controlled predriver 140 outputs an 
adjusted clock signal. 

[0051] In the output drive block 180, the adjusted clock 
signal alternately activates and deactivates the NMOS drive 
transistors 182, 184 to generate the internal CTM clock 
signal at node 50. Since the internal PLL clock signal has a 
?fty percent duty cycle and the even input data is ?xed to a 
digital one and the odd input data is ?xed to a digital Zero, 
the internal clock signal has a ?fty percent duty cycle. 

[0052] Because the CTM and CFM pins are both pulled up 
to 28 ohms, the combined impedance at the CTM node 50 
is 14 ohms rather than 28 ohms and tWice as much drive 
current is needed to drive the CTM node 50. Similarly, tWice 
as much drive current is needed to drive the /CTM node 52. 
Because tWice as much drive current is needed to drive the 
CTM and /CTM nodes, each current-controlled-clock output 
circuits 170 sinks tWice as much current as its respective 
current-controlled-data output circuits 132 counterpart. In 
addition, because the CTM and CFM pins, 32-3 and 32-4, 
are both connected to the termination voltage VTERM via 
terminating resistors 112 and 114, respectively, during test 
ing, for the internal CTM clock signal to have the same loW 
output voltage, high output voltage, voltage sWing, and sleW 
rate as the external clock signal, the output-clock-drive 
blocks 180 of the test circuit 106 have tWo output drive 
transistors 182, 184, rather than the one output drive tran 
sistor 144 of the data output driver 34-1 (FIG. 5). Each drive 
transistor 182, 184 has the same geometry (and thus the 
same operating characteristics) as its respective drive tran 
sistor 144 of its counterpart current-controlled-data output 
circuit 132. 

[0053] Similar to the output-data-drive blocks 132 (FIG. 
5), the output-clock-drive blocks 170 of the test circuit 106 
have binary-Weighted NMOS transistors 182 and 184. In 
particular, each NMOS transistor 182, 184 of an output 
clock-drive block circuit 170 has the same geometry as the 
NMOS transistor output-data drive block 132 that receives 
the corresponding data current control bit. Therefore, the 
drive transistors of the output-clock-drive blocks 170 closely 
match and have the same process variation as the drive 
transistors of the output-data-drive blocks. 

[0054] In an alternate embodiment, a single NMOS drive 
transistor is provided in the output drive block of the 
adjustment circuit rather than tWo NMOS drive transistors. 
The single NMOS drive transistor is siZed to sink the same 
amount of current as the tWo NMOS drive transistors. 
Because the single NMOS drive transistor does not have the 
same geometry as the drive transistors of the data output 
drivers, the single NMOS drive transistor has different 
operating characteristics With respect to process variation 
and the internal clock signal may not provide the same loW 
output voltage, voltage range and sleW rate as the dual 
NMOS driver transistor embodiment. 

[0055] The complementary internal clock signals, /CTM 
and /CFM, are provided via the /CTM and /CFM pins, Which 
are connected together at the /CTM node 52. The /CTM 
node 52 is connected to a complementary-test circuit 108. 
The complementary-test circuit is the same as the test circuit 
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106 that Was described above, except that in the data input 
block the “1” and “0” are supplied to opposite AND gates. 

[0056] FIG. 7 is a circuit diagram of an exemplary slew 
rate controlled pre-driver 140 used With the present inven 
tion. The SRC predriver 140 has a plurality of predriver 
sub-blocks 202, 204, 206. The number of predriver sub 
blocks may be more or less than the three shoWn in FIG. 7, 
depending on the amount of sleW rate control required. 
Generally, there Will be one more predriver sub-block than 
there are SleW Rate Control bits. 

[0057] Each predriver sub-block 202, 204, 206 has an 
inverter 208, 210, 212 and a passgate pair 214, 216, 218 
respectively. One predriver sub-block 202 is alWays enabled 
With the gate of each transistor of the passgate pair 214 
connected to the supply voltage Vcc and to ground, respec 
tively. The other passgate pairs 216, 218 of the predriver 
sub-blocks 204, 206 connect to the sleW rate control bits, 
SleW Rate Control <0> and SleW Rate Control <1>. The 
sleW rate of the predriver 140 is adjusted by enabling and 
disabling the passgates 216, 218 With sleW rate control 
signals on the sleW rate control bits. 

[0058] In particular, When the sleW rate control signal on 
SleW Rate Control bit <1> is high, the passgate pair 216 of 
the predriver sub-block 204 is enabled. The passgate pair 
216 increases the rate of transition betWeen a high voltage 
level and a loW voltage level of an intermediate signal on 
node 220. When the sleW rate control bit <1> is loW, the 
corresponding passgate pair 216 of the predriver sub-block 
204 is effectively disabled and the sleW rate is unaffected. 
Enabling the additional passgate pairs of additional pre 
driver sub-blocks 206 further increases the sleW rate of the 
q-node signal. 

[0059] FIG. 8 is a ?oWchart of a method of setting clock 
current control bits of a clock current control register of 
FIG. 5. In step 240, the logic circuit 88 (FIG. 3) sets the 
clock current control bits of the clock current control register 
84 (FIG. 3) to a predetermined initial value that guarantees 
the generation of a clock signal. In step 242, the logic circuit 
88 (FIG. 3) sets the data current control bits of the data 
current control register 82 (FIG. 3) to another predetermined 
initial value. In step 244, the logic circuit 88 (FIG. 3) adjusts 
the setting of the data current control bits to provide adjusted 
data current control bits so that a speci?ed rail-to-rail 
voltage sWing on the bus is maintained. In step 246, the logic 
circuit 88 (FIG. 3) updates the clock current control bits of 
the clock current control register 84 (FIG. 3) to the same 
value as the adjusted data current control bits. In step 248, 
after setting the clock current control bits, device testing 
continues. 

[0060] Us. Pat. No. 5,254,883, to HoroWitZ et al. is 
hereby incorporated by reference in its entirety as back 
ground information on a method of setting the data current 
control bits. US. patent application Ser. No. 09/222,590 to 
Stark et al. is hereby incorporated by reference in its entirety 
as background information of an alternate embodiment of an 
output driver and a method of setting the data current control 
bits. 

[0061] During testing, the sleW rate control bits are simul 
taneously adjusted for both the output drivers and the test 
clock generator 100. While calibrating the current control 
bits, the voltage level of the output data signal changes. To 
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set data current control bits to a desired operating value, a 
stable internal clock is supplied to the DLL 94 (FIG. 3) so 
that the 9020 clock signal is guaranteed to be supplied to the 
output drivers. If the clock current control bits Were to be 
changed While calibrating the data current control bits, the 
internal clock signal and therefore the 90° clock signal may 
disappear and testing Would fail. Therefore, the current 
control bits for the internal clock generator 100 are stored in 
a separate register, the clock current control register 84 
(FIG. 3), from the data current control register 82 (FIG. 2) 
that stores the data current control bits. 

[0062] The predetermined initial value of the clock and 
data current control bits depends on the process used to 
manufacture the device and the speci?cation of the bus. 
Although the predetermined initial value of the clock current 
control bits may not be the ?nal value, the predetermined 
initial value is suf?cient to ensure that the 90° clock signal 
Will be generated. 

[0063] Although the invention Was described With respect 
to a memory controller, in another embodiment, the bus 
interface of the present invention provides a high-speed 
device-to-device interface. In an alternate embodiment, the 
bus interface is used in the memory devices 24 (FIG. 1). 
When using the test-clock generator 100 (FIG. 4) in a 
memory device 24, the CTM and CFM pins, and the /CTM 
and /CFM pins, are not shorted together. Rather, the memory 
device uses tWo pairs of differential clock signals to control 
their operation. The test-clock generator 100 for memory 
devices 24 therefore generates tWo pairs of differential clock 
signals, instead of just one pair of differential clock signals 
as described above for the test-clock generator for the 
memory controller device 22. All four external clock pins for 
the device are connected to termination resistors 112-118 
during the test mode of operation. 

[0064] While the present invention has been described 
With reference to a feW speci?c embodiments, the descrip 
tion is illustrative of the invention and is not to be construed 
as limiting the invention. Various modi?cations may occur 
to those skilled in the art Without departing from the true 
spirit and scope of the invention as de?ned by the appended 
claims. 

What is claimed is: 
1. A memory controller, comprising: 

a phase compensation circuit adapted for receiving a ?rst 
clock signal, the phase compensation circuit con?gured 
to use the ?rst clock signal to synchroniZe data com 
munications betWeen the memory controller and a 
memory device during a ?rst mode of operation; and 

a clock generator circuit coupled to the phase compensa 
tion circuit and con?gured to provide a second clock 
signal to the phase compensation circuit during a 
second mode of operation, Wherein the ?rst and second 
clock signals have at least one substantially similar 
signal characteristic. 

2. The memory controller of claim 1, Wherein the clock 
generator circuit provides differential clock signals. 

3. The memory controller of claim 1, Wherein the ?rst and 
second clock signals have substantially the same voltage 
levels. 

4. The memory controller of claim 1, Wherein the ?rst and 
second clock signals have substantially the same frequency. 
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5. The memory controller of claim 4, wherein the fre 
quency is about 400 MHZ. 

19. The memory device of claim 16, further comprising: 

a clock current register coupled to the clock generator 
6. The memory controller of claim 1, further comprising: 

an output driver circuit coupled to the phase compensa 
tion circuit and to at least one data output node, the 

circuit and con?gured to set an amount of drive current 
that the clock generator circuit uses to drive the second 
clock signal on a clock output node. 

20. A method of providing clock signals for testing a output driver circuit con?gured to drive outgoing data _ _ 
memory controller, comprising: signals on the data output node. 

7. The memory controller of claim 6, further comprising: in the memory controller; 

generating a test clock signal during a ?rst mode of 
operation, Wherein the test clock signal has substan 
tially similar signal characteristics to a clock signal 
received by the memory controller during a second 
mode of operation. 

21. The method of claim 20, Wherein the clock signal and 
the test clock signal are differential clock signals. 

22. The method of claim 20, Wherein the clock signal and 
the test clock signal have substantially the same voltage 
levels. 

23. The method of claim 20, Wherein the clock signal and 
the test clock signal have substantially the same frequency. 

24. The method of claim 23, Wherein the frequency is 
about 400 MHZ. 

25. The method of claim 20, further comprising: 

setting an amount of drive current that a clock generator 
circuit uses to drive the test clock signal on a clock 
output node. 

26. A method of providing clock signals for testing a 
memory device, comprising: 

a drive current control register coupled to the output 
driver circuit and con?gured to set an amount of drive 
current that the output driver circuit uses to drive the 
outgoing data signal on the data output node. 

8. The memory controller of claim 6, further comprising: 

a sleW rate control register coupled to the output driver 
circuit and storing sleW rate control data for con?guring 
the output driver circuit to control sleW rates of data 
signals applied to the data output node. 

9. The memory controller of claim 1, further comprising: 

a clock current register coupled to the clock generator 
circuit and con?gured to set an amount of drive current 
that the clock generator circuit uses to drive the second 
clock signal on a clock output node. 

10. A memory device, comprising: 

a phase compensation circuit adapted for receiving a ?rst 
clock signal, the phase compensation circuit con?gured 
to use the ?rst clock signal to synchroniZe data com 
munications betWeen the memory device and a memory 
controller during a ?rst mode of operation; and in the memory device? 

generating a test clock signal during a ?rst mode of 
operation, Wherein the test clock signal has substan 
tially similar signal characteristics to a clock signal 
received by the memory device during a second 
mode of operation. 

a clock generator circuit coupled to the phase compensa 
tion circuit during a second mode of operation, and 
con?gured to provide a second clock signal to the phase 
compensation circuit, Wherein the ?rst and second 
clock signals have at least one substantially similar 
Signal Characteristic 27. The method of claim 26, Wherein the clock signal and 

11_ The memory device of Claim 10, wherein the Clock the test clock signal have substantially the same voltage 
generator circuit provides differential clock signals. levels- _ _ _ 

12_ The memory device of Claim 11, wherein the Clock 28. The method of claim 26, wherein the clock signal and 
generator circuit generates tWo pairs of differential clock the test Clock Signal have ,Substan?anY the Same frequency‘ 
signals_ 29. The method of claim 28, wherein the frequency is 

13. The memor device of claim 10, Wherein the ?rst and about 400 MHZ‘ . . . 
second clock sig?/als have substantially the same voltage 30' The method of Chum 26’ further compnsmgz 
levels. setting an amount of drive current that a clock generator 

14. The memory device of claim 10, Wherein the ?rst and Circuit uses to drive the test Clock Signal on a Clock 
second clock signals have substantially the same frequency. Output node 

15. The memory device of claim 14, Wherein the fre- 31- Amemory Controller> Comprising: 
quency is about 400 MHZ. 

16. The memory device of claim 10, further comprising: 
means for receiving a clock signal for synchroniZing data 

communications betWeen the memory controller and a 
. . . memory device during a ?rst mode of operation; and 

an output driver circuit coupled to the phase compensa 
tion circuit and to at least one data output node, the 
output driver circuit con?gured to drive outgoing data 
signals on the data output node. 

17. The memory device of claim 16, further comprising: 

means for providing a test clock signal during a second 
mode of operation for testing the memory controller, 
Wherein the clock signal and the test clock signal have 
at least one substantially similar signal characteristic. 

32. A memory device, comprising: 
a drive current control register coupled to the output 

driver circuit and con?gured to set an amount of drive 
current that the output driver circuit use to drive the 
outgoing data signal on the data output node. 

18. The memory device of claim 16, further comprising: 

means for receiving a clock signal for synchroniZing data 
communications betWeen the memory device and a 
memory controller during a ?rst mode of operation; and 

means for providing a test clock signal during a second 
mode of operation for testing the memory device, 
Wherein the clock signal and the test clock signal have 
at least one substantially similar signal characteristic. 

a sleW rate control register coupled to the output driver 
circuit and storing sleW rate control data for con?guring 
the output driver circuit to control sleW rates of data 
signals applied to the data output node. * * * * * 


