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Signal De?nition 

RE - Reference edge 
OPE - Oscillator pos. edge 
RSYNC ~ Reference input 

synchronized 
OSYNC - Oscillator input 

synchronized 

State Function 
(OMODEIZ) == False) 

O - Delay or start state 
1 - Wait for oscillator prescaler 

positive edge 
2 - Oscillator faster than reference 
3 - Wait for oscillator prescaler 

carry edge 
4 - Reference faster than oscillator 
5 - Reference edge 
6 - Oscillator edge 
7 - Wait for OSCIUEICT or reference 

edge 

State Function 
(0MODE[2] == True] 

0 - Wait for PRE_ENA (RSYNC) 
1 - Delay 

2 - Increase ring delay 
3 - Delay 

4 - Decrease nng delay 
5 - illegal 

6 - End of measurment‘ wait for 
OPSO to go to zero (IOSYNC) 
and RSYNC to go to a one 

(PRE__ENA) 
7 - OPSO togoto one 

LOSC_ENA asynchronously 
assigns the state to 0 when 
a logic 0. 
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PROGRAMMABLE RING OSCILLATOR 

[0001] This application claims priority under 35 U.S.C. 
119(e) (1) from US. Provisional Application 60/219,340 
?led March 2, 2000. 

TECHNICAL FIELD OF THE INVENTION 

[0002] The technical ?eld of this invention is emulation 
hardWare particularly for highly integrated digital signal 
processing systems and particularly clocking control for 
emulation data output. 

BACKGROUND OF THE INVENTION 

[0003] Advanced Wafer lithography and surface-mount 
packaging technology are integrating increasingly complex 
functions at both the silicon and printed circuit board level 
of electronic design. Diminished physical access to circuits 
for test and emulation is an unfortunate consequence of 
denser designs and shrinking interconnect pitch. Designed 
in testability is needed so the ?nished product is both 
controllable and observable during test and debug. Any 
manufacturing defect is preferably detectable during ?nal 
test before a product is shipped. This basic necessity is 
dif?cult to achieve for complex designs Without taking 
testability into account in the logic design phase so auto 
matic test equipment can test the product. 

[0004] In addition to testing for functionality and for 
manufacturing defects, application softWare development 
requires a similar level of simulation, observability and 
controllability in the system or sub-system design phase. 
The emulation phase of design should ensure that a system 
of one or more ICs (integrated circuits) functions correctly 
in the end equipment or application When linked With the 
system softWare. With the increasing use of ICs in the 
automotive industry, telecommunications, defense systems, 
and life support systems, thorough testing and extensive 
real-time debug becomes a critical need. 

[0005] Functional testing, Where the designer generates 
test vectors to ensure conformance to speci?cation, still 
remains a Widely used test methodology. For very large 
systems this method proves inadequate in providing a high 
level of detectable fault coverage. Automatically generated 
test patterns are desirable for full testability, and controlla 
bility and observability. These are key goals that span the 
full hierarchy of test from the system level to the transistor 
level. 

[0006] Another problem in large designs is the long time 
and substantial expense involved in design for test. It Would 
be desirable to have testability circuitry, system and methods 
that are consistent With a concept of design-for-reusability. 
In this Way, subsequent devices and systems can have a loW 
marginal design cost for testability, simulation and emula 
tion by reusing the testability, simulation and emulation 
circuitry, systems and methods that are implemented in an 
initial device. Without a proactive testability, simulation and 
emulation plan, a large amount of subsequent design time 
Would be expended on test pattern creation and upgrading. 

[0007] Even if a signi?cant investment Were made to 
design a module to be reusable and to fully create and grade 
its test patterns, subsequent use of module may bury it in 
application speci?c logic. This Would make its access dif 
?cult or impossible. Consequently, it is desirable to avoid 
this pitfall. 
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[0008] The advances of IC design are accompanied by 
decreased internal visibility and control, reduced fault cov 
erage and reduced ability to toggle states, more test devel 
opment and veri?cation problems, increased complexity of 
design simulation and continually increasing cost of CAD 
(computer aided design) tools. In the board design the side 
effects include decreased register visibility and control, 
complicated debug and simulation in design veri?cation, 
loss of conventional emulation due to loss of physical access 
by packaging many circuits in one package, increased rout 
ing complexity on the board, increased costs of design tools, 
mixed-mode packaging, and design for produceability. In 
application development, some side effects are decreased 
visibility of states, high speed emulation dif?culties, scaled 
time simulation, increased debugging complexity, and 
increased costs of emulators. Production side effects involve 
decreased visibility and control, complications in test vec 
tors and models, increased test complexity, mixed-mode 
packaging, continually increasing costs of automatic test 
equipment and tighter tolerances. 

[0009] Emulation technology utiliZing scan based emula 
tion and multiprocessing debug Was introduced over 10 
years ago. In 1988, the change from conventional in circuit 
emulation to scan based emulation Was motivated by design 
cycle time pressures and neWly available space for on-chip 
emulation. Design cycle time pressure Was created by three 
factors. Higher integration levels, such as increased use of 
on-chip memory, demand more design time. Increasing 
clock rates mean that emulation support logic causes 
increased electrical intrusiveness. More sophisticated pack 
aging causes emulator connectivity issues. Today these same 
factors, With neW tWists, are challenging the ability of a scan 
based emulator to deliver the system debug facilities needed 
by today’s complex, higher clock rate, highly integrated 
designs. The resulting systems are smaller, faster, and 
cheaper. They have higher performance and footprints that 
are increasingly dense. Each of these positive system trends 
adversely affects the observation of system activity, the key 
enabler for rapid system development. The effect is called 
“vanishing visibility”. 

[0010] FIG. 1 illustrates the trend in visibility and control 
over time an greater system integration. Application devel 
opers prefer the optimum visibility level illustrated in FIG. 
1. This optimum visibility level provides visibility and 
control of all relevant system activity. The steady progres 
sion of integration levels and increases in clock rates 
steadily decrease the actual visibility and control available 
over time. These forces create a visibility and control gap, 
the difference betWeen the optimum visibility and control 
level and the actual level available. Over time, this gap Will 
Widen. Application development tool vendors are striving to 
minimiZe the gap groWth rate. Development tools softWare 
and associated hardWare components must do more With less 
resources and in different Ways. Tackling this the ease of use 
challenge is ampli?ed by these forces. 

[0011] With today’s highly integrated System-On-a-Chip 
(SOC) technology, the visibility and control gap has Wid 
ened dramatically over time. Traditional debug options such 
as logic analyZers and partitioned prototype systems are 
unable to keep pace With the integration levels and ever 
increasing clock rates of today’s systems. As integration 
levels increase, system buses connecting numerous sub 
system components move on chip, denying traditional logic 
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analyzers access to these buses. With limited or no signi? 
cant bus visibility, tools like logic analyzers cannot be used 
to vieW system activity or provide the trigger mechanisms 
needed to control the system under development. A loss of 
control accompanies this loss in visibility, as it is dif?cult to 
control things that are not accessible. 

[0012] To combat this trend, system designers have 
Worked to keep these buses exposed. Thus the system 
components Were built in a Way that enabled the construc 
tion of prototyping systems With exposed buses. This 
approach is also under siege from the ever-increasing march 
of system clock rates. As the central processing unit (CPU) 
clock rates increase, chip to chip interface speeds are not 
keeping pace. Developers ?nd that a partitioned system’s 
performance does not keep pace With its integrated coun 
terpart, due to interface Wait states added to compensate for 
lagging chip to chip communication rates. At some point, 
this performance degradation reaches intolerable levels and 
the partitioned prototype system is no longer a viable debug 
option. In the current era production devices must serve as 
the platform for application development. 

[0013] Increasing CPU clock rates are also limiting avail 
ability of other simple visibility mechanisms. Since the CPU 
clock rates can the exceed maximu=I/O state rates, visibility 
ports exporting information in native form can no longer 
keep up With the CPU. On-chip subsystems are also operated 
at clock rates that are sloWer than the CPU clock rate. This 
approach may be used to simplify system design and reduce 
poWer consumption. These developments mean simple vis 
ibility ports can no longer be counted on to deliver a clear 
vieW of CPU activity. As visibility and control diminish, the 
development tools used to develop the application become 
less productive. The tools also appear harder to use due to 
the increasing tool complexity required to maintain visibility 
and control. The visibility, control, and ease of use issues 
created by systems-on-a-chip tend to lengthen product 
development cycles. 

[0014] Even as the integration trends present developers 
With a tough debug environment, they also present hope that 
neW approaches to debug problems Will emerge. The 
increased densities and clock rates that create development 
cycle time pressures also create opportunities to solve them. 
On-chip, debug facilities are more affordable than ever 
before. As high speed, high performance chips are increas 
ingly dominated by very large memory structures, the sys 
tem cost associated With the random logic accompanying the 
CPU and memory subsystems is dropping as a percentage of 
total system cost. The incremental cost of several thousand 
gates is at an all time loW. Circuits of this siZe may in some 
cases be tucked into a corner of today’s chip designs. The 
incremental cost per pin in today’s high density packages 
has also dropped. This makes easy to allocate more pins for 
debug. The combination of affordable gates and pins enables 
the deployment of neW, on-chip emulation facilities needed 
to address the challenges created by systems-on-a-chip. 

[0015] When production devices also serve as the appli 
cation debug platform, they must provide suf?cient debug 
capabilities to support time to market objectives. Since the 
debugging requirements vary With different applications, it 
is highly desirable to be able to adjust the on-chip debug 
facilities to balance time to market and cost needs. Since 
these on-chip capabilities affect the chip’s recurring cost, the 
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scalability of any solution is of primary importance. “Pay 
only for What you need” should be the guiding principle for 
on-chip tools deployment. In this neW paradigm, the system 
architect may also specify the on-chip debug facilities along 
With the remainder of functionality, balancing chip cost 
constraints and the debug needs of the product development 
team. 

[0016] FIG. 2 illustrates an emulator system 100 includ 
ing four emulator components. These four components are: 
a debugger application program 110; a host computer 120; 
an emulation controller 130; and on-chip debug facilities 
140. FIG. 2 illustrates the connections of these components. 
Host computer 120 is connected to an emulation controller 
130 external to host 120. Emulation controller 130 is also 
connected to target system 140. The user preferably controls 
the target application on target system 140 through debugger 
application program 110. 

[0017] Host computer 120 is generally a personal com 
puter. Host computer 120 provides access the debug capa 
bilities through emulator controller 130. Debugger applica 
tion program 110 presents the debug capabilities in a user 
friendly form via host computer 120. The debug resources 
are allocated by debug application program 110 on an as 
needed basis, relieving the user of this burden. Source level 
debug utiliZes the debug resources, hiding their complexity 
from the user. Debugger application program 110 together 
With the on-chip trace and triggering facilities provide a 
means to select, record, and display chip activity of interest. 
Trace displays are automatically correlated to the source 
code that generated the trace log. The emulator provides 
both the debug control and trace recording function. 

[0018] The debug facilities are preferably programmed 
using standard emulator debug accesses through a JTAG or 
similar serial debug interface. Since pins are at a premium, 
the preferred embodiment of the invention provides for the 
sharing of the debug pin pool by trace, trigger, and other 
debug functions With a small increment in silicon cost. Fixed 
pin formats may also be supported. When the pin sharing 
option is deployed, the debug pin utiliZation is determined at 
the beginning of each debug session before target system 
140 is directed to run the application program. This maxi 
miZes the trace export bandWidth. Trace bandWidth is maxi 
miZed by allocating the maximum number of pins to trace. 

[0019] The debug capability and building blocks Within a 
system may vary. Debugger application program 100 there 
fore establishes the con?guration at run-time. This approach 
requires the hardWare blocks to meet a set of constraints 
dealing With con?guration and register organiZation. Other 
components provide a hardWare search capability designed 
to locate the blocks and other peripherals in the system 
memory map. Debugger application program 110 uses a 
search facility to locate the resources. The address Where the 
modules are located and a type ID uniquely identi?es each 
block found. Once the IDs are found, a design database may 
be used to ascertain the exact con?guration and all system 
inputs and outputs. 

[0020] Host computer 120 generally includes at least 64 
Mbytes of memory and is capable of running WindoWs 95, 
SR-2, WindoWs NT, or later versions of WindoWs. Host 
computer 120 must support one of the communications 
interfaces required by the emulator. These may include: 
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Ethernet 10T and 100T, TCP/IP protocol; Universal Serial 
Bus (USB); FireWire IEEE 1394; and parallel port such as 
SPP, EPP, and ECP. 

[0021] Host computer 120 plays a major role in determin 
ing the real-time data exchange bandwidth. First, the host to 
emulator communication plays a major role in de?ning the 
maximum sustained real-time data exchange bandWidth 
because emulator controller 130 must empty its receive 
real-time data exchange buffers as fast as they are ?lled. 
Secondly, host computer 120 originating or receiving the 
real-time data exchange data must have suf?cient processing 
capacity or disc bandWidth to sustain the preparation and 
transmission or processing and storing of the received 
real-time data exchange data. A state of the art personal 
computer With a FireWire communication channel (IEEE 
1394) is preferred to obtain the highest real-time data 
exchange bandWidth. This bandWidth can be as much as ten 
times greater performance than other communication 
options. 

[0022] Emulation controller 130 provides a bridge 
betWeen host computer 120 and target system 140. Emula 
tion controller 130 handles all debug information passed 
betWeen debugger application program 110 running on host 
computer 120 and a target application executing on target 
system 140. A presently preferred minimum emulator con 
?guration supports all of the folloWing capabilities: real 
time emulation; real-time data exchange; trace; and 
advanced analysis. 

[0023] Emulation controller 130 preferably accesses real 
time emulation capabilities such as execution control, 
memory, and register access via a 3, 4, or 5 bit scan based 
interface. Real-time data exchange capabilities can be 
accessed by scan or by using three higher bandWidth real 
time data exchange formats that use direct target to emulator 
connections other than scan. The input and output triggers 
alloW other system components to signal the chip With 
debug events and vice-versa. Bit I/O alloWs the emulator to 
stimulate or monitor system inputs and outputs. Bit I/O can 
be used to support factory test and other loW bandWidth, 
non-time-critical emulator/target operations. Extended oper 
ating modes are used to specify device test and emulation 
operating modes. Emulator controller 130 is partitioned into 
communication and emulation sections. The communication 
section supports host communication links While the emu 
lation section interfaces to the target, managing target debug 
functions and the device debug port. Emulation controller 
130 communicates With host computer 120 using one of 
industry standards communication links outlined earlier 
herein. The host to emulator connection is established With 
off the shelf cabling technology. Host to emulator separation 
is governed by the standards applied to the interface used. 

[0024] Emulation controller 130 communicates With the 
target system 140 through a target cable or cables. Debug, 
trace, triggers, and real-time data exchange capabilities 
share the target cable, and in some cases, the same device 
pins. More than one target cable may be required When the 
target system 140 deploys a trace Width that cannot be 
accommodated in a single cable. All trace, real-time data 
exchange, and debug communication occurs over this link. 
Emulator controller 130 preferably alloWs for a target to 
emulator separation of at least tWo feet. This emulation 
technology is capable of test clock rates up to 50 MHZ and 
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trace clock rates from 200 to 300 MHZ, or higher. Even 
though the emulator design uses techniques that should relax 
target system 140 constraints, signaling betWeen emulator 
controller 130 and target system 140 at these rates requires 
design diligence. This emulation technology may impose 
restrictions on the placement of chip debug pins, board 
layout, and requires precise pin timings. On-chip pin macros 
are provided to assist in meeting timing constraints. 

[0025] The on-chip debug facilities offer the developer a 
rich set of development capability in a tWo tiered, scalable 
approach. The ?rst tier delivers functionality utiliZing the 
real-time emulation capability built into a CPU’s mega 
modules. This real-time emulation capability has ?xed func 
tionality and is permanently part of the CPU While the high 
performance real-time data exchange, advanced analysis, 
and trace functions are added outside of the core in most 
cases. The capabilities are individually selected for addition 
to a chip. The addition of emulation peripherals to the 
system design creates the second tier functionality. A cost 
effective library of emulation peripherals contains the build 
ing blocks to create systems and permits the construction of 
advanced analysis, high performance real-time data 
exchange, and trace capabilities. In the preferred embodi 
ment ?ve standard debug con?gurations are offered, 
although custom con?gurations are also supported. The 
speci?c con?gurations are covered later herein. 

SUMMARY OF THE INVENTION 

[0026] A controllable ring oscillator clock circuit includes 
a plurality of ring oscillator stages disposed in a linear chain. 
Each stage has a latch that determines if this stage is the last 
stage in the ring. In a propagate state of the latch the ring 
pulse is sent to the next stage. In a return state of the latch 
the ring pulse is returned to the prior stage. 

[0027] The latches are programmed like a shift register. A 
more command transfers the propagate state to the next 
stage. This increases the length of the delay line and thus 
decreases the oscillator frequency. Aless command transfers 
the return state to the prior state, decreasing the ring delay 
and increasing the oscillator frequency. In the preferred 
embodiment the delay stages are deployed as even and odd 
pairs With only the even or the odd stages changed at one 
time. This enables a simple structure because the pairs 
operate like a master-slave ?ip-?op, that is the data can 
move only a single stage at a time. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] These and other aspects of this invention are illus 
trated in the draWings, in Which: 

[0029] FIG. 1 illustrates the visibility and control of 
typical integrated circuits as a function of time due to 
increasing system integration; 

[0030] FIG. 2 illustrates an emulation system to Which 
this invention is applicable; 

[0031] FIG. 3 illustrates in block diagram form a typical 
integrated circuit employing con?gurable emulation capa 
bility; 
[0032] FIG. 4 illustrates the ?nal trace output stages; 

[0033] FIG. 5 illustrates the combination of ?xed delays 
and variable delay used in the ring oscillator of this inven 
tion; 
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[0034] FIG. 6 illustrates the construction of the local 
oscillator of this invention; 

[0035] FIG. 7 illustrates details of the construction of the 
clock scaling block illustrated in FIG. 6; 

[0036] FIG. 8 illustrates the details of the construction of 
the ring control block illustrated in FIG. 6; 

[0037] FIG. 9 illustrates the state transitions of the state 
machine of the frequency comparison machine illustrated in 
FIG. 8; 

[0038] FIG. 10 illustrates the construction of the ring 
oscillator illustrated in FIG. 6; 

[0039] FIG. 11 illustrates the construction of the glitch 
?lter and ?xed delay illustrated in FIG. 10; 

[0040] FIG. 12 illustrates the construction of an odd and 
even pair of delay elements of the ring oscillator illustrated 
in FIG. 6; and 

[0041] FIG. 13 illustrates the alternative manners of load 
ing the oscillator control register illustrated in FIG. 6. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0042] The emulation technology of the present invention 
uses the debug upside opportunities noted above to provide 
developers With an arsenal of debug capability aimed at 
narroWing the control and visibility gap. This emulation 
technology delivers the solution to the complex debug 
problems of today’s highly integrated embedded real-time 
systems. This technology attacks the loss of visibility, con 
trol, and ease of use issues described in the preceding section 
While expanding the feature set of current emulators. 

[0043] The on-chip debug component of the present 
invention provides a means for optimiZing the cost and 
debug capabilities. The architecture alloWs for ?exible com 
binations of emulation components or peripherals tailored to 
meet system cost and time to market constraints. The 
scalability aspect makes it feasible to include them in 
production devices With manageable cost and limited per 
formance overhead. 

[0044] Emulation, debug, and simulation tools of the 
present invention are described herein. The emulation and 
debug solutions described herein are based on the premise 
that, over time, some if not most debug functions tradition 
ally performed off chip must be integrated into the produc 
tion device if they are to remain in the developer’s debug 
arsenal. To support the migration of debug functions on chip, 
the present invention provides a poWerful and scalable 
portfolio of debug capabilities for on-chip deployment. This 
technology preserves all the gains of initial JTAG technol 
ogy While adding capabilities that directly assault the vis 
ibility, control, and ease of use issues created by the van 
ishing visibility trend. 

[0045] Four signi?cant architectural infrastructure com 
ponents spearhead the assault on the control and visibility 
gap described earlier herein: real-time emulation (RTE); 
real-time data exchange (RTDX); trace; and advanced analy 
sis. 

[0046] Real-time emulation (RTE) provides a static vieW 
of the CPU and memory state after background program is 
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stopped. Interrupt driven code continues to execute While 
the background program is stopped. Real time emulation 
provides basic debug capability of computational problems 
and code design problems. 

[0047] Real-time emulation (RTE) provides a base set of 
?xed capabilities for real-time execution control (run, step, 
halt, etc.) and register/memory visibility. This component 
alloWs the user to debug application code While real-time 
interrupts continue to be serviced. Registers and memory 
may be accessed in real-time With no impact to interrupt 
processing. Users may distinguish betWeen real-time and 
non real-time interrupts, and mark code that must not be 
disturbed by real-time debug memory accesses. This base 
emulation capability includes hardWare that can be con?g 
ured as tWo single point hardWare breakpoints, a single data 
Watchpoint, an event counter, or a data logging mechanism. 
The EMU pin capability includes trigger I/Os for multipro 
cessor event processing and a uni-directional (target to host) 
data logging mechanism. 

[0048] Real-time data exchange (RTDX) enables debug 
ger softWare to interact With the application code to 
exchange commands and data While the application contin 
ues to execute. Real-time data exchange employs analysis 
components to identify observation points and interrupt 
program How to collect data. Real-time data exchange 
employs dynamic instrumentation, dynamic variable adjust 
ments and dynamic data collection. 

[0049] Real-time data exchange provides real-time data 
transfers betWeen an emulator host and target application. 
This component offers both bi-directional and uni-direc 
tional DSP target/host data transfers facilitated by the emu 
lator. The DSP (or target) application may collect target data 
to be transferred to the host or receive data from the host, 
While emulation hardWare (Within the DSP and the emulator) 
manages the actual transfer. Several RTDX transfer mecha 
nisms are supported, each providing different levels of 
bandWidth and pin utiliZation alloWing the trade off of gates 
and pin availability against bandWidth requirements. 

[0050] Trace employs bus snooper hardWare to collects 
selective program How and data transactions for export 
Without interacting With the application. Trace uses analysis 
components to de?ne program segments and bus transac 
tions that are to be recorded for export. Trace permits 
evaluation of program How corruption, memory corruption 
and program timing problems. Trace enables benchmarking, 
code coverage measurement and path coverage measure 
ment. 

[0051] Trace is a non-intrusive mechanism of providing 
visibility of the application activity. Trace is used to monitor 
CPU related activity such as program How and memory 
accesses, system activity such as ASIC state machines, data 
streams and CPU collected data. Historical trace technology 
also used logic analyZer like collection and special emula 
tion (SEs) devices With more pins than a production device. 
The logic analyZer or like device processed native represen 
tations of the data using a state machine like programming 
interface (?lter mechanism). This trace model relied on all 
activity being exported With external triggering selecting the 
data that needed to be stored, vieWed and analyZed. 

[0052] Existing logic-analyZer-like technology does not, 
hoWever, provide a solution to decreasing visibility due to 
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higher integration levels, increasing clock and more sophis 
ticated packaging. In this model, the production device must 
provide visibility through a limited number of pins. The data 
exported is encoded or compressed to reduce the export 
bandWidth required. The recording mechanism becomes a 
pure recording device, packing exported data into a deep 
trace memory. 

[0053] On-chip trace With high speed serial data export, in 
combination With advanced analysis provides a solution for 
SOC designs. Trace is used to monitor CPU related activity 
such as program How and memory accesses, system activity 
such as ASIC state machines, data streams etc. and CPU 
collected data. This creates four different classes of trace 
data: program How and timing provided by the DSP core 
(program counter trace); memory data references made by 
the DSP core or chip level peripherals (data reads and 
Writes); application speci?c signals and data (ASIC activ 
ity); and CPU collected data. Collection mechanisms for the 
four classes of trace data are modular alloWing the trade off 
of functionality verses gates and pins required to meet 
desired bandWidth requirements. 

[0054] Real-time data exchange and trace functions pro 
vide similar, but different forms of visibility. They differ in 
terms of hoW data is collected, and the circumstances under 
Which they Would be most effective. Real-time Data 
exchange is a CPU assisted solution for exchanging infor 
mation. The data to be exchanged have a Well-de?ned 
behavior in relation to the program ?oW. Real-time data 
exchange can be used to record the input or output buffers 
from a DSP algorithm. Real-time data exchange requires 
CPU assistance in collecting data hence there is de?nite, but 
small, CPU bandWidth required to accomplish this. Real 
time data exchange is an application intrusive mechanism of 
providing visibility With loW recurring overhead cost. 
[0055] Trace is a non-intrusive, hardWare-assisted collec 
tion mechanism (such as bus snoopers) With very high 
bandWidth (BW) data export. Trace is used When there is a 
need to export data at a very high data rate or When the 
behavior of the information to be traced is not knoWn, or is 
random in nature or associated With a address. Program How 
is a typical example Where it is not possible to knoW a priori 
the behavior. The bandWidth required to export this class of 
information is high. Data trace of speci?ed addresses is 
another example. The bandWidth required to export data 
trace is very high. 

[0056] Trace data is unidirectional, going from target to 
host only. Real-time data exchange can exchange data in 
either direction although unidirectional forms can be sup 
ported for data logging. The trace data path can also be used 
to provide very high speed uni-directional real-time data 
exchange such as CPU collected trace data. 

[0057] Advanced analysis alloWs observation of occur 
rences of events or event sequences. Advanced analysis 
enables measurement of elapsed time betWeen events. 
Advanced analysis can generate external triggers. Advanced 
analysis alters the program How after the detection of events 
or event sequences. Advanced analysis is most useful for 
benchmarking, event/sequence identi?cation, external trig 
ger generation and stop program execution. Note that 
advanced analysis can be used to activate trace and real-time 
data exchange. 
[0058] Advanced analysis provides a non-intrusive on 
chip event detection and trigger generation mechanism. The 
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trigger outputs created by advanced analysis control other 
infrastructure components such as Trace and real-time data 
exchange. Historical trace technology used bus activity 
exported to a logic analyZer to generate triggers that con 
trolled trace Within the logic analyZer unit or generated 
triggers Which Were supplied to the device to halt execution. 
This usually involved a chip that had more pins than the 
production device (an SE or special emulation device). This 
analysis model does not Work Well in the System-on-a-Chip 
(SOC) era as the integration levels and clock rates of today’s 
devices preclude full visibility bus export. 

[0059] Advanced analysis provides affordable on-chip 
instruction and data bus comparators, sequencers and state 
machines, and event counters to recreate the most important 
portions of the triggering function historically found off 
chip. Advanced analysis provides the control aspect of 
debug triggering mechanism for trace, real-time data 
exchange and real-time emulation. This architectural com 
ponent identi?es events, tracks event sequences, and assign 
actions based on their occurrence, such as break execution, 
enable/disable trace, count, enable/disable real-time data 
exchange. The modular building blocks for this capability 
include bus comparators, external event generators, state 
machines or state sequencers, and trigger generators. The 
modularity of the advanced analysis system alloWs the trade 
off of functionality verses gates. 

[0060] Since the trace port bandWidth is a premium, the 
export mechanism provides for the export of trace informa 
tion either at the processor clock rate or a rate that is 
asynchronous to the processor clock rate. The asynchronous 
export mode alloWs the trace port transmission rate to be 
maximiZed as it can be de-coupled from the processor clock 
rate. This is signi?cant as is unlikely that the processor clock 
rate Will match the optimum trace export rate in most 
applications. It is anticipated that this architecture Will 
remain viable for processor clock rates of 1GHZ or more. 
The use of a local oscillator alloWs the trace port transmis 
sion to be loosely coupled to the packet generation. This 
alloWs the trace transmission rate to be optimiZed and the pin 
count minimiZed. 

[0061] FIG. 3 illustrates an example of one on-chip debug 
architecture embodying target system 140. The architecture 
uses several module classes to create the debug function. 
One of these classes is event detectors including bus event 
detectors 210, auxiliary event detectors 211 and counters/ 
state machines 213. A second class of modules is trigger 
generators including trigger builders 220. A third class of 
modules is data acquisition including trace collection 230 
and formatting. A fourth class of modules is data export 
including trace export 240, and real-time data exchange 
export 241. Trace export 240 is controlled by clock signals 
from local oscillator 245. Local oscillator 245 Will be 
described in detail beloW. A ?nal class of modules is scan 
adapter 250, Which interfaces scan input/output to CPU core 
201. Final data formatting and pin selection occurs in pin 
manager and pin micros 260. 

[0062] The siZe of the debug function and its associated 
capabilities for any particular embodiment of a system-on 
chip may be adjusted by either deleting complete functions 
or limiting the number of event detectors and trigger build 
ers deployed. Additionally, the trace function can be incre 
mentally increased from program counter trace only to 
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program counter and data trace along With ASIC and CPU 
generated data. The real-time data exchange function may 
also be optionally deployed. The ability to customize on 
chip tools, changes the applications development paradigm. 
Historically, all chip designs With a given CPU core Were 
limited to a ?xed set of debug capability. NoW, an optimiZed 
set of debug capability is available for each chip design. This 
paradigm change gives system architects the tools needed to 
manage product development risk at an affordable cost. Note 
that the same CPU core may be used With differing periph 
erals With differing pin outs to embody differing system-on 
chip products. These differing embodiments may require 
differing debug and emulation resources. The modularity of 
this invention permits each such embodiment to include only 
the necessary debug and emulation resources for the par 
ticular system-on-chip application. 

[0063] The real-time emulation debug infrastructure com 
ponent is used to tackle basic debug and instrumentation 
operations related to application development. It contains all 
execution control and register visibility capabilities and a 
minimal set of real-time data exchange and analysis such as 
breakpoint and Watchpoint capabilities. These debug opera 
tions use on-chip hardWare facilities to control the execution 
of the application and gain access to registers and memory. 
Some of the debug operations Which may be supported by 
real-time emulation are: setting a softWare breakpoint and 
observing the machine state at that point; single step code 
advance to observe exact instruction by instruction decision 
making; detecting a spurious Write to a knoWn memory 
location; and vieWing and changing memory and peripheral 
registers. 

[0064] Real-time emulation facilities are incorporated into 
a CPU mega-module and are Woven into the fabric of CPU 
core 201. This assures designs using CPU core 201 have 
sufficient debug facilities to support debugger application 
program 110 baseline debug, instrumentation, and data 
transfer capabilities. Each CPU core 201 incorporates a 
baseline set of emulation capabilities. These capabilities 
include but are not limited to: execution control such as run, 
single instruction step, halt and free run; displaying and 
modifying registers and memory; breakpoints including 
softWare and minimal hardWare program breakpoints; and 
Watchpoints including minimal hardWare data breakpoints. 

[0065] The execution control facilities offer tWo modes of 
operation, stop mode and real-time. These modes differ as to 
hoW CPU core 201 handles maskable interrupts, non 
maskable interrupts, and reset after code execution is halted. 
The halt of code execution can be caused by the user from 
debugger application program 110 via a keyboard or mouse 
input, via a softWare breakpoint or via a hardWare breakpoint 
or Watchpoint. All interrupts and resets are disabled at this 
point When operating in stop mode. In the real-time mode, 
reset and non-maskable interrupts (NMI) can alWays be 
serviced along With those maskable interrupts designated as 
real-time events. The real-time facilities are implemented 
Without the assistance of a monitor program for CPU cores 
201 With pipelines that alloW an interrupt betWeen each 
instruction. A monitor program is required to support real 
time operation for those pipelines that do not meet the 
interrupt betWeen each instruction criteria. 

[0066] The real-time aspects of this capability provides for 
the execution of interrupt driven code While the execution of 
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background code is stopped to perform debug operations. 
Facilities are provided to de?ne each interrupt as either a 
real-time or a non-real-time event. Interrupts de?ned as 
real-time events are continually serviced, even While the 
debug of background code occurs. Interrupts de?ned as 
non-real-time events can be serviced as long as the debug 
facilities have not stopped the application. The real-time 
execution of the time critical code is thus transparent to the 
developer. 

[0067] The registers of CPU core 201 are vieWed When the 
application has been halted. The register vieW corresponds 
to the machine state at the stop point. The debug softWare 
and hardWare assure that the register activity that occurs as 
a result of real-time interrupts is transparent to the user. All 
register changes affect only registers values relative to the 
stop point. Memory is also displayed and changed relative to 
the stop point. Alternately, memory may be vieWed and 
changed independent of Whether a stop point has occurred. 
Debug related memory accesses can be constrained to bus 
cycles Where CPU core 201 has not created a memory 
access. This makes debug related accesses transparent to the 
application When the these accesses target Zero Wait state 
memory. 

[0068] A shared hardWare component provides tWo hard 
Ware breakpoints, an address and data Watchpoint or loW 
bandWidth real-time data exchange capabilities. This hard 
Ware block also provides a parallel signature analysis func 
tion in some implementations. The hardWare breakpoints 
provide a means for setting breakpoints in ROM. The 
Watchpoint provides for the detection of memory read and 
Writes of speci?c data patterns to an address. 

[0069] Baseline and extended debug capabilities may be 
customiZed on-chip for each instance of the system-on-chip. 
This requires ?exibility in the debug softWare. When the 
debug system is initialiZed, a chip identity code is read from 
the device. Debugger application program 110 uses this 
identity code to locate a ?le that identi?es the debug building 
blocks of the corresponding chip. The ?le data provides 
information to automatically con?gure debug application 
program 110 to display any enabled capabilities of target 
device 140 to the user. 

[0070] Since interaction With system resources can alter 
the timing of real-time systems, debugger application pro 
gram 110 takes special care not to touch system resources 
Without being directed to do so. At startup and thereafter, 
debugger application program 110 does not therefore access 
machine resources unless a user action dictates these 
accesses. This minimiZes the opportunity to create unWanted 
system disturbances 

[0071] Debugger application program 110 presents the 
machine state When the application program halts. When the 
execution mode is stop mode, the application program can 
be halted after each instruction. Functions such as step, 
breakpoints or the like, cause the application to halt imme 
diately. There are no dependencies on the CPU pipeline, 
With a step advancing the pipeline one instruction. For 
real-time mode, the model for execution control remains 
identical to that for stop mode for CPUs that can take an 
interrupt after every instruction. 

[0072] When the execution mode is real time, the visual 
iZation of the execution control changes substantially for 
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CPU cores 201 that cannot take an interrupt after every 
instruction. An example of such a CPU core is the Texas 
Instruments TMS320C6000 With an unprotected pipeline. 
For this CPU class, the application program can only be 
halted at interruptible points in the program. This is true for 
breakpoints, Watchpoints and single instruction steps. For 
this CPU class, a step operation starts execution and execu 
tion does not stop until it reaches an interruptible point. This 
means the number of instructions executed by the step may 
be one or more and perhaps many more than one. Any 
breakpoint or Watchpoint request asserted Will only cause 
the halt of the application program When interrupts are 
enabled. This halt of program activity could be many states 
after a halt request is asserted. 

[0073] Real-time execution control alloWs interrupt code 
execution to occur While background code has been halted. 
A breakpoint or other halt condition can occur in this 
interrupt code after background code execution Was previ 
ously halted. In this case, multiple stops are outstanding at 
the same time. Each stop creates a debug frame, With debug 
frames being stacked. Execution must be restarted from the 
most recently generated debug frame before execution of 
any prior frames can be restarted. The ability to ?ush all 
debug frames is provided. 

[0074] Visibility into the on-chip program and data activ 
ity is the key to ef?cient debug. Providing this visibility 
involves on-chip facilities for data collection, export of the 
collected data and control over the collection mechanism. 
An external recording device such as a logic analyZer or 
emulator stores the exported data. The recording device 
forWards to debugger application program 110 upon request 
for post processing and display. Components of debugger 
application program 110 use the processed trace data to 
provide the visibility needed for a number of debug, quality 
assurance and optimiZation operations related to application 
development. Some of the development processes that use 
trace are: run aWay code debug; memory corruption debug; 
general observation of program How and decision making; 
monitoring application speci?c integrated circuit (ASIC) 
components and peripheral operations; observing input and/ 
or output data streams; instruction code coverage and path 
coverage; and program pro?ling and bus or memory pro?l 
mg. 

[0075] Each trace channel can export up to four types of 
information. These four types are: program How or program 
counter trace With timing; reads and Writes to memory and 
peripherals; ASIC data or other activity; and data provided 
by the application softWare. Table 1 identi?es the trace 
information types needed to quickly address issues related to 
the development processes listed above. 

TABLE 1 

Development Information Type 

Process Program Memory ASIC Application 

Debug 

Run aWay code X 
Memory X X 
General trace X X X 
ASIC/peripherals X X 
Input and/or X X 
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TABLE l-continued 

Development Information Type 

Process Program Memory ASIC Application 

Quality Assurance 

Code coverage 
Path coverage 
Optimization 

Program 
Bus or memory 

[0076] From one to four channels such trace channels may 
be activated simultaneously permitting the concurrent trac 
ing of the activity generated by one or more subsystems on 
a chip. These subsystems could be CPU cores 201 and 
memory systems, ASIC logic, input or output data streams 
or other information classes de?ned by the user. When 
multiple channels are deployed, the channel export mecha 
nisms can share pins to increase the average transmission 
ef?ciency. Generally, pin constraints and other factors limit 
the number of trace channels on a physical device to four. 

[0077] The trace function is distributed through the devel 
opment system architecture. It has three major components: 
on-chip collection and ?ltering, compression and export; 
recording at the emulator or logic analyZer; and interpreta 
tion and display at host computer 120 using debugger 
application program 110 software. 

[0078] Trace utiliZes on-chip hardWare to collect and ?lter, 
compress, and export on-chip activity to a logic analyZer or 
emulator. Collection involves identifying the trace data and 
capturing the trace data into on-chip buffers. Data is buffered 
and prioritiZed internally after collection to assure that trace 
information is exported as quickly and ef?ciently as pos 
sible. Buffer siZes and the number of pins dedicated to 
exporting trace data are scalable to alloW the system 
designer to help meet system trace speed and volume 
requirements. The captured data is compressed before it is 
passed to the export block. 

[0079] After compression, the data is exported at a pro 
grammable or ?xed trace port Width at a clock rate that may 
or may not be the same as the CPU core 201 clock rate. The 
export clock is derived from either CPU core 201 clock or 
from a local oscillator dedicated to the generation of the 
export clock. The local oscillator option addresses several 
issues. As system clock rates increase, it may not be possible 
to export data at CPU core 201 clock rate. An export clock 
not derived from CPU clock 201 rate may maximiZe the 
export bandWidth. Using an optional local oscillator incurs 
a small incremental hardWare cost in order to maximiZe the 
transmission bandWidth of trace pin. 

[0080] Trace information can be collected in one of three 
Ways. These are: bus snoopers; CPU core collection; and via 
ASIC speci?c hardWare. Bus snoopers monitor program 
How and memory accesses With the appropriate ?ltering 
identifying transactions of interest. CPU core collection uses 
CPU core 201 to collect data as part of application program 
?oW. ASIC logic can either determine its oWn collection 
criteria or have collection initiated by a advanced analysis 
trigger output. 
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[0081] Bus snoopers minimize intrusiveness and are better 
suited to monitor information in a timing transparent man 
ner. This class of collection does not require application 
program intervention in any Way. In the case of bus snoop 
ers, trace triggers created by advanced analysis logic direct 
the capture of desired of information in on-chip ?rst-in 
?rst-out (FIFO) buffers Where it is subsequently processed 
for export. The control of bus snooper collection mecha 
nisms by the advanced analysis is called trace ?ltering. The 
collection can also be controlled via a memory-mapped 
register. Debugger application program 110 may optionally 
alloW the application to access this register. Options are 
provided to alloW the trace collection to either stall or 
discard data When the collection parameters cause the FIFOs 
to ?ll faster than they can be emptied. This type of collection 
mechanism is used to create program How and timing trace. 
It is deployed to trace memory references Whose origins are 
not deterministic. 

[0082] Advanced analysis facilities or components iden 
tify What data is to be collected or hoW much data is to be 
collected. These facilities are used to start or stop trace 
acquisition after a sequence of events occurs in the appli 
cation program or directly select the data that is placed in 
collection FIFOs. Advanced analysis also provides the abil 
ity to collect a pre-speci?ed number of bus operations or 
transactions after the occurrence of an event or de?ne an 
event that ends the trace session collecting N trace transac 
tions before the system event. These facilities can be used to 
create a number of additional ?ltering criteria, With the 
richness of this criteria set by the strength of the analysis 
event detection, state machines and counters. 

[0083] Debugger application program 110 can be used to 
collect system activity When the data of interest can be 
observed at a point the applications program. In this case, 
code is added to the application to collect the desired 
information and move this information to the trace logic for 
export. This is approach is actually a hybrid of real-time data 
exchange and trace Where CPU core 201 collects the data 
Which the trace export mechanism exports. This collection 
and export mechanism provides a high bandWidth output 
only application accessible port. This capability can be used 
simultaneously and in conjunction With the bus snooper 
capabilities. The applications program collection method 
targets data collection and is not suited for the collection of 
program How and timing information. It is more cost effec 
tive than the bus snooper method When used to collect data 
streams that are related to program ?oW. 

[0084] Data generated by ASIC logic or input data streams 
is presented to the trace export mechanism for inclusion into 
the trace export stream through a prede?ned interface. In this 
collection mechanism, all data FIFOs and data How control 
is the responsibility of the ASIC logic. The native form of 
trace data is compressed before export in order to maximiZe 
the amount of information that can be exported for a given 
trace export bandWidth. The compression operation converts 
the native information captured on-chip to a format that is, 
in some cases, heavily compressed. The compressed infor 
mation must be processed With a sophisticated decompres 
sion algorithm to return it to its native form. This decom 
pression operation is performed by debugger application 
program 110 running on host computer 120 after the trace 
data is removed from target device 140 and passed to the 
trace softWare running on host computer 120. 
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[0085] The key to a cost effective on-chip trace is reducing 
the amount of data collected for export to a trace recorder. 
Reducing the data volume reduces the need for trace pins 
and on-chip buffering. A number of compression, ?ltering, 
and encoding strategies are employed to accomplish this 
objective. These strategies play a signi?cant role in keeping 
the trace bandWidth requirements in check. A feW of the 
compression and bandWidth preservation techniques used 
include the folloWing. Providing advanced analysis 
resources enables user speci?cation of exactly What data is 
to be exported. Thus data is only collected at the points in the 
application program of interest. The on-chip facilities on 
target system 140 collects and exports only program counter 
discontinuity information. The full program counter How is 
reconstructed by debugger application program 110. This 
reduces the amount of trace data needed to be transferred. 
Branch or context sWitch information is not transmitted if it 
can be inferred from the program source code. High order 
bits of data values that are the same as the previous values 
transmitted are not transmitted. Instruction activity indica 
tors are minimiZed in architectures that permit this minimi 
Zation. 

[0086] The export of non-native, compressed information 
means that triggering and sequence detection at host com 
puter 120 is not practical. Since the trace stream can contain 
multiple data types, it is also dif?cult to de?ne the recording 
of a speci?c number of samples of one type before and after 
an event at the recording destination. Consequently, the 
recorder is treated as a pure recording device, With all event 
and trace management moved on-chip. Since the trace port 
bandWidth is a premium, the export mechanism provides for 
the export of trace information either at the processor clock 
rate or a rate that is asynchronous to the processor clock rate. 
The asynchronous export mode alloWs the trace port trans 
mission rate to be maximiZed as it can be de-coupled from 
the processor clock rate. This is signi?cant as is unlikely that 
the processor clock rate Will match the optimum trace export 
rate in most applications. 

[0087] Data trace has an immense appetite for export 
bandWidth. Every effort is made though debug function pin 
sharing to allocate as many pins to data trace export as 
practical. Thus the maximum amount of information can be 
exported Without stalling the processor or losing data. The 
pin sharing option, very ef?cient compression algorithms, 
and high transmission rates minimiZe the number of chip 
pins needed to be allocated to debug functions. 

[0088] This invention provides a mix of debug capabilities 
addressing a number of debug problems. They are a superset 
of the capabilities provided by the prior generation of debug 
port offerings. TWo neW capabilities of high performance 
real-time data exchange and trace stand out. They have been 
added to the debug portfolio to maintain visibility in the face 
of the continuous march to higher clock rates and higher 
levels of integration. Addressing the visibility problem at an 
affordable system cost presents a particular challenge to the 
tools architects and developers. Since debug Will have a 
modest or small pin and gate allocation to constrain system 
cost, the challenge is to provide historical visibility levels 
With novel approaches. Maintaining the status quo in this 
environment Would indeed be a major accomplishment. 

[0089] The debug port is one component of a con?gurable 
debug strategy. Traditionally, a single set of debug capabili 
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ties Was built into each CPU core 201. These capabilities 
remained constant over the lifetime of CPU core 201, 
supported by a single set of debugger source code. As the 
relentless increase of gate densities and clock rates continue, 
the in system debug problem becomes more complex. 
Increased levels of integration translate to vanishing visibil 
ity. This is a severe problem because it is difficult if not 
impossible to ?x What you cannot see. As systems-on-chip 
become dominated by large memory structures, the relative 
cost of debug features in relation to the entire system has 
shrunk dramatically. Currently Where adding more debug 
capabilities to a custom digital signal processor (cDSP) or 
mass market device is practical on a chip by chip basis. 
Customers are prepared to add additional debug capabilities 
to those standard capabilities incorporated into CPU cores. 
These additional capabilities are expected to create time to 
market advantages that justify the additional recurring costs. 

[0090] In the customer’s mind, the customiZing of the 
on-chip debug capabilities ultimately boils doWn to three 
questions. First, to What extent Will this customiZation 
improve my ability to create and produce product? Second, 
What is the cost of the customiZation in gates or die area? 
Third, What is the cost of the customiZation in pins or 
package cost? In summary, are the costs of customiZation 
Worth the bene?ts? The ansWer to these questions is not the 
same for all design teams and all products. Since the 
complexity of applications varies along With the debug 
styles of design teams, the need to customiZe varies by chip. 
There Will be no one ansWer. 

[0091] As the vanishing visibility problem illustrated in 
FIG. 1 intensi?es, the customer is facing a dilemma. 
Today’s minimal on-chip capabilities pose a time to market 
threat. One subtle system problem can introduce Weeks of 
product delivery delay. System designers can’t ?x it if they 
can’t see it. Astrong on-chip tool set is insurance against this 
happening. The need to strengthen the debug capabilities of 
a chip receives additional attention When production devices 
serve as the application debug platform. These production 
chips must provide suf?cient debug capabilities to support 
time to market objectives yet be cost competitive. 

[0092] The on-chip debugging requirements are heavily 
in?uenced by the debug style of system design teams. It is 
highly desirable to provide system architects the ability to 
tailor the on-chip debug facilities to balance time to market 
and cost needs. The techniques of this invention provide this 
option. These techniques provide for addition of debug 
capability to custom digital signal processor (cDSP) and 
mass market chips via a library of emulation peripherals. 
The number and type of these peripherals added are tailored 
to meet the debug requirements de?ned by the target appli 
cation. The original semiconductor manufacture’s applica 
tions teams de?ne the emulation capabilities mix added to 
mass market chips. The custom digital signal processor 
customer de?nes the emulation capabilities added to cDSPs. 
The scalability aspect of emulation capability makes it 
feasible to include them in production devices With man 
ageable cost and limited performance overhead. 

[0093] In this con?gurable debug/emulation paradigm, the 
system architect has the option to increase or decrease the 
pin count allocated to debug functions With a corresponding 
increase or decrease in the debug capabilities. These include 
the capability or functions available at any one time, the 
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communication bandWidth, and the trace bandWidth. Since a 
user Will not generally utiliZe all emulation functions at the 
same time, it makes sense to dynamically allocate the 
emulation peripherals and trace/debug pin pool based the 
debug capability speci?ed by the user at any point during 
development session. This approach substantially minimiZes 
the pin count pressure created by the addition of emulation 
capability to a production chip and provides more capability 
for a loWer cost. The pins assigned to trace and debug can 
be dynamically reallocated to trace, debug or a mix of trace 
and debug functions. At any one time, the debug pin pool 
may provide a mix of capabilities related to: debug, such as 
run, step, read and Write registers and memory; trigger 
channels used to input and output triggers; real-time data 
exchange for data exchange or data logging; and trace for 
export of program counter, memory access, or ASIC logic 
activity. The debug pin pool may dictate the available trace 
and communication bandWidths, the communication for 
mats used for debug and real-time data exchange and the 
emulation peripheral functions that can be used simulta 
neously. 
[0094] The emulation peripheral functionalities of trace 
and real-time data exchange are designed permitting a 
scalable number of pins. More pins allocated to a particular 
function means more bandWidth for that function. The 
allocation of more pins to any particular function may come 
at the expense of reducing the number of pins allocated to a 
second function, thereby reducing its available bandWidth. 

[0095] The general rules are simple. The total number of 
pins allocated cannot exceed the maximum number avail 
able. A minimum number of pins must allocated to some 
functions to enable them. Finally, the addition of the pins to 
the minimum number required for a function such as debug, 
trigger, real-time data exchange or trace increases the com 
munication bandWidth for the function. The addition of 
emulation peripherals to a production chip requires gates 
and in some cases pins. Only the importing or exporting 
information to debug and trace facilities external to the 
production chip generate pin requirements. Since adding 
pins and gates to production chips can adversely affect 
system cost, the neW paradigm must be scalable. “Pay only 
for What you need” must be the message to customers. 
Delivering a debug/emulation tools library must be accom 
panied by a means to evaluate its capabilities and make the 
decisions as to its cost/bene?ts. Gates and pins are not free, 
just more affordable than they have been in the past. 

[0096] In the con?gurable debug paradigm, effective use 
of gates and pins is a must. Flexible combinations of 
emulation peripherals provide a cost containment mecha 
nism for gate consumption While an ef?cient pin reuse 
strategy offers cost containment for pin consumption. Since 
there are different debug needs during a product develop 
ment cycle, the gates and pins dedicated to debug can in 
many cases be recon?gured at run-time to best address the 
debug function needed at the moment. This model boosts the 
return on investment of debug related expenditures. For 
instance, debug and trace pins are vieWed as a single pool of 
pins that are allocated at run-time. Most pins can be assigned 
one or more different debug functions during a debug 
session. A single pin could be assigned trace, trigger, com 
munication, or other functionality at any one time. Generally 
all pins that are not assigned to another function are assigned 
to trace as this maximiZes the available trace bandWidth. The 
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recon?guration theme is also followed With debug gates, 
With many on-chip modules capable of delivering several 
functions. In this case the on-chip modules are also con?g 
ured at run-time. This model does not preclude ?xed pin or 
module functions. 

[0097] FIG. 4 illustrates the ?nal trace output stages. 
Trace export 240 includes trace packet build 242, ?rst-in 
?rst-out (FIFO) buffer 246 and transmission formatter 248. 
Pin manager and pin macros 260 includes pin manager 261 
and pin macros 262. As illustrated in FIG. 4, trace packet 
built 242 and the input stage to FIFO buffer 246 are clocked 
by CPU_CLK, Which is employed by CPU core 201. The 
output stage of FIFO buffer 246 as Well as transmission 
formatter 248, pin manager 261 and pin macros 262 are 
optionally clocked by either CPU_CLK or by a different 
clock signal from transmission clock generator 245 (called 
local oscillator 245 in FIG. 3). Transmission clock generator 
245 is generic to all instruction set architectures (ISAs) and 
reused of the implementation is expected. 

[0098] FIFO buffer 246 is either: asynchronous to CPU 
_CLK clock; synchronous to CPU_CLK; or not needed. 
When FIFO buffer 246 is asynchronous to CPU_CLK, the 
trace port is ?xed or variable Width and the transmission is 
at a rate other than CPU_CLK. During asynchronous opera 
tion, the input interface of FIFO buffer 246 operates With at 
the CPU CLK and the output interface of FIFO buffer 246 
operates at the transmission clock of transmission clock 
generator 245. FIFO buffer 246 operates as an asynchronous 
FIFO buffer betWeen trace packet build 242 and transmis 
sion formatter 248. When FIFO buffer 246 is synchronous to 
CPU_CLK, the trace port is ?xed or variable Width and the 
transmission is at the rate of CPU CLK. Synchronous 
operation is similar to asynchronous operation, only the 
transmission clock and functional clock (CPU_CLK) are the 
same. Atrace packet and port Width mismatch requires FIFO 
buffer 246 betWeen trace packet build 242 and transmission 
formatter 248 to act as a synchronous FIFO buffer. FIFO 
buffer 246 is not needed When the trace port is ?xed at 10 
bits and the transmission is at the rate of CPU_CLK. 

[0099] Local oscillator 245 is deployed to optimiZe the 
transmission rate of the trace port. Local oscillator 245 
alloWs the trace port clock to be generated at the maximum 
trace port rate independent of the processor clock rate, there 
by maximiZing the trace port bandWidth. Local oscillator 
245 provides: clock generation in a range of 125 MHZ to 
250 MHZ or higher over the manufacturing process; mea 
surement of the oscillator clock OCK frequency; measure 
ment of the functional clock FCK frequency; creation of the 
oscillator clock OCK using either functional clock FCK or 
reference clock TCK as a reference; calibration of local 
oscillator 245 for setup purposes; and functional testing of 
local oscillator 245. Local oscillator 245 is a Pseudo Digital 
Frequency Synthesizer (PDFS). 
[0100] The local oscillator clock OCK is created from a 
ring oscillator Where the length of the ring is varied to 
change the frequency. The practical range of the local 
oscillator clock OCK is set by the ring oscillator minimum 
and maximum frequencies. The ring oscillator frequency 
range is set to deliver a 125 MHZ to 250 MHZ or higher 
clock over the entire manufacturing process. 

[0101] Scale factors that require the generation of a local 
oscillator clock OCK frequency less than the loWest ring 
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oscillator frequency create the loWest ring oscillator fre 
quency. Scale factors that require the generation of a local 
oscillator clock OCK frequency less than the fastest ring 
oscillator minimum frequency create the fastest ring oscil 
lator frequency. Scale factors requesting the generation a 
frequency betWeen the ring oscillator maximum and mini 
mum local oscillator frequencies generate a local oscillator 
clock OCK at or near the requested frequency. Since the ring 
oscillator delay line has ?nite increments, the oscillator 
frequency generation increases or decreases in discrete steps 
that can vary the period of the local oscillator clock OCK 
approximately tWo NAND gate delays or about 60 to 200 
picoseconds depending on the process node. This is equiva 
lent to betWeen 1.5 and 3% at roughly 200 MHZ. 

[0102] When the oscillator circuit has locked to the ref 
erence, it Will seek betWeen tWo discrete frequencies that 
vary in period by the delay introduced by one variable delay 
line element. This is extremely attractive as it distributes 
trace port EMI/RFI betWeen tWo different frequencies. There 
is no requirement to maintain phase relationship betWeen the 
reference clock and the oscillator clock. 

[0103] Local oscillator 300, shoWn in FIG. 6, includes 
three separate sections: clock scaling 301; ring oscillator 
control 303; and ring oscillator 305. These elements are all 
controlled by local oscillator control register 307 in a 
manner that Will be described beloW. As illustrated in FIG. 
5, local oscillator 300 adjusts frequency using one to four 
?xed delays and a variable delay. This Will be explained 
beloW. 

[0104] FIG. 7 illustrates clock scaling 301 in detail. Clock 
scaling 301 sets the ratio of the selected reference clock and 
oscillator clock OCK. It contains tWo pre-scaling sections, 
the reference clock pre-scaler 410 and the oscillator clock 
pre-scaler 420. In normal modes, either test clock TCK or 
functional clock FCK is selected by reference clock select 
411 to drive reference clock pre-scaler 410 While oscillator 
clock OCK is selected by oscillator clock select 421 to drive 
oscillator clock pre-scaler 420. When the frequency 
requested is Within the oscillator range, OCK locks to the 
reference and the output frequency of the tWo pre-scalers is 
virtually the same. When an out of range frequency is 
requested, OCK becomes either the loWest or highest oscil 
lator frequency. In this case reference and oscillator pre 
scaler outputs do not converge and are never virtually the 
same. 

[0105] Ring control 303 determines Whether the reference 
or oscillator input is running a higher frequency and makes 
the adjustments necessary to add or subtract delay stages in 
the ring oscillator 305. Ring control 303 compares the 
number of edges generated by reference pre-scalar output 
RPSO and oscillator pre-scaler output OPSO. When refer 
ence clock pre-scaler 410 generates edges at a higher rate 
than oscillator clock pre-scaler 420, the oscillator frequency 
is raised. When oscillator clock pre-scaler 420 generates 
edges at a higher rate than reference clock pre-scaler 410, 
the oscillator frequency is loWered. Ring control 303 adjusts 
the length of the ring oscillator delay chain to cause a change 
in the oscillator frequency. 

[0106] Ring oscillator 305 is a combination of a ?xed 
delay line and a variable length delay line that is fed back on 
itself With an inversion. The ?xed delay establishes the 
maximum oscillator frequency as shoWn in FIG. 5, While 
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the variable delay provides lowering the oscillator from the 
maximum. There are four sections of ?xed delay. They can 
be added in series to create one of four ?xed delays, as 
shoWn in FIG. 5. Fixed delay sections that are not included 
in the ring delay are disabled so they do not consume poWer. 

[0107] Debugger application program 110 uses the cali 
bration capabilities of the local oscillator ascertain the delay 
value of each of the ?xed sections. It then chooses the 
combination the ?xed delays that When added to half the 
variable delay, creates an oscillator clock that is closest to 
the desired frequency. This creates the maximum dynamic 
range for the oscillator thereby giving it the most immunity 
from temperature and voltage variations. One of four ?xed 
delay combinations can be chosen to establish the maximum 
frequency. The variable delay section provides a delay tWice 
that of a ?xed delay section. Ring control 303 sets the 
variable delay line length using the criteria discussed pre 
viously. 
[0108] Ring oscillator 305 must be calibrated before the 
?xed delay option is chosen. Debugger application program 
110 establishes the ?xed and variable delay values using 
calibration capabilities built into the local oscillator. This 
calibration information is then used to choose a ?xed delay 
for normal operation. Calibration involves counting the 
number of oscillator clocks (OCK) or functional clocks 
(FCK) that occur Within a measurement period de?ned by a 
preset number of test clocks (TCK). The measurement 
period is a WindoW created by a number of test clocks 
betWeen 8*n Where n ranges from 1 to 256, i.e. the clock 
number ranges from 8 to 2048. Using this measurement 
requires a minimum TCK frequency of 1 MHZ. The ?xed 
delay selection and calibration modes are controlled through 
local oscillator control register LOSC_CNTL 307. 

[0109] Local oscillator control register 307 stored data 
decoded as de?ned in Tables 2 and 3. These de?ne the 
characteristics of the local oscillator. Local oscillator control 
register 307 sets the reference clock pre-scaling, the oscil 
lator clock pre-scaling and the operating modes of calibra 
tion, test, and normal. This register is part of the trace port 
register set and is preferably addresses at base address plus 
three of the trace port register set. 

[0110] The eight bits of the OSCALE ?eld corresponding 
to bits 8 to 15 of local oscillator control register 307 de?ne 
the local oscillator pre-scale divide factor. The eight bits 
de?ne a divide ratio of 1 to 256 as shoWn in Table 2. The 
three bits of the RSCALE ?eld corresponding to bits 5 to 7 
of local oscillator control register 307 de?ne the reference 
oscillator pre-scale divide factor. The three bits de?ne a 
ration of 2, 4, 8 to 256 as shoWn in Table 2. The tWo bits of 
the FIXED ?eld corresponding to bits 3 and 4 of local 
oscillator control register 307 de?ne the number of ?xed 
delays used by ring oscillator 305. These tWo bits select one, 
tWo, three or all four ?xed delay elements as shoWn in Table 
2. 

TABLE 2 

Bit 
Name Field Description 

OSCALE [7:0] 15:08 Oscillator Scale El LCK divide by 
0xFF El Divide by 255 
0xFE El Divide by 255 
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TABLE 2-continued 

Bit 
Name Field Description 

0xFD El Divide by 254 

0x02 El Divide by 2 
0x01 El Divide by 1 
0x00 El Divide by 256 
Reference Scale El FCK/I‘CK divide by: 
000 El Divide Pre-scaler by 2 
001 El Divide Pre-scaler by 4 
010 El Divide Pre-scaler by 8 
011 El Divide Pre-scaler by 16 
100 El Divide Pre-scaler by 32 
101 El Divide Pre-scaler by 64 
110 El Divide Pre-scaler by 128 
111 El Divide Pre-scaler by 256 
Fixed Delay Select 
00 El 1 lumped delay 
01 El 2 lumped delays 
10 El 3 lumped delays 
11 El 4 lumped delays 

RSCALE [2:0] 7:5 

FIXED [1:0] 4:3 

[0111] These factors result in an oscillator clock OCK 
frequency given by: 

[0112] Where: n is an integer that can range from 1 to 256 
as selected by the OSCALE ?eld; m is an integer that can 
range from 0 to 7 and selected by the RSCALE ?eld; and 
RCK is the reference clock either test clock TCK or func 
tional clock FCK as selected by reference clock select 411. 
The outputs of reference clock pre-scaler 410 and oscillator 
clock pre-scaler 420 supply ring control 303 to determine 
local oscillator frequency adjusts. Dynamically changing 
one or both of these values While the oscillator is active can 
cause the period of the oscillator to change no more than 
attributable to one delay element (1 to 2% maximum before 
the change takes effect). The FIXED ?eld selects the lumped 
delay of ring oscillator 305. This ?eld cannot be dynamically 
changed While the local oscillator is running. 

[0113] The OMODE[2:0] ?eld corresponding to bits 0 to 
2 of local oscillator control register 307 determines the clock 
inputs to reference clock pre-scaler 410 and oscillator clock 
pre-scaler 420 as shoWn in Table 3. This ?eld also deter 
mines Whether the pre-scalers 410 and 420 operate in 
calibration, test, or normal modes. This ?eld cannot be 
changed dynamically While the oscillator is running in 
normal modes except for selecting the reference clock 
folloWing initialiZation by moving betWeen state 000 and 
state 001 or moving betWeen state 000 and state 010. 

TABLE 3 

OMODE RPS OPS 
[2:0] Mode Clk Clk Mode 

000 Normal OFF OFF Oscillator and pre-scalers 
off and initialized 

001 Normal FCK OCK Oscillator With TCK reference 
010 Normal TCK OCK Oscillator With FCK reference 
011 Test OCK OCK Use to test comparison state 

machine, and variable delay 
line 

100 Calibrate OFF OFF Pre-scalers initialized 














