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 1 STATE MACHINE TIMING ANALYSIS 

1.1 System Overview 
So far we have analyzed state machines on a functional level. That is, we can determine the next state 
given the present state and present inputs. Functional analysis however, assumes that the timing 
requirements for the system have been met. If the timing requirements are not met, the circuit may not 
function correctly or the interface between the circuit and the external system may fail.  

Figure 1 is a block diagram of a typical synchronous sequential system. The state machine in the figure 
is the circuit that we are designing. The source and destination blocks are external circuits that are 
connected to the state machine. 

Figure 1 System Level Block Diagram 

 
When performing a timing analysis we are normally interested in finding the following parameters: 

1) The maximum frequency of the system. 

2) The propagation delay from input to output. 

For a complete system-level timing analysis, we must know the characteristics of the circuits that are 
connected to the state machine we are designing. Specifically, we need to be given the times when the 
inputs from the source are valid and the times when the outputs are sampled by the destination circuit.  

Figure 2 shows the typical timing diagram for the system. The system depicted has inputs that are 
triggered on the rising-edge of the clock, the state machine is triggered on the rising-edge, and the 
outputs are sampled at the rising-edge. tsd (source delay) is the delay time from the input clocking 
edge to valid inputs. These inputs must be valid before the state machine setup time, tsu. The state 
machine’s outputs change tco after the rising-edge of the clock. They must be valid before the setup 
time of the sampling device, tosu.  
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Note that the output parameters are very similar to the input parameters. In fact, they are the same if 
we treat the output sampling device as the state machine. i.e. with respect to the output sampling 
device, tco is it’s tsd, and tosu is it’s tsu. Therefore, we will only cover timing for the interface between 
two systems – input-to-state machine or state machine-to-output.  

Figure 2 System Level Timing 

 
For real system designs, full timing analysis is required. However, in this class, we will not always 
know what the characteristics of the external circuitry are so we will look at the following analysis: 
 • The maximum frequency of the state machine itself 
 • The maximum frequency of the system given the input and output timing 
 • The propagation delay for the system 
 • The sampling time required for meaningful test vectors. 

Detailed State Machine Timing Parameters. Figure 3 shows the critical timing paths for a general 
state machine. Each timing block represents the longest delay – the critical path – for a given path. 

Figure 3 Detailed State Machine Timing Parameters 

 
The parameters shown are: 
 tdfb - The critical path delay from any flip-flop output to any flip-flop input. 
 tdi - The critical path delay from any input to any flip-flop input. 
 tsu - The setup time for the flip-flops. 
 th - The hold time for the flip-flops. 
 tffco - The clock-to-flip flop output propagation delay. 
 tdfo - The critical path delay from any flip-flop output to a state machine output. 
 tdio - The critical path from any input to any output (Mealy machines only). 

Each one of the paths shown in Figure 3 can limit the maximum frequency of the system. Therefore, 
we have to calculate the maximum frequency for each path in order to find the worst case maximum 
frequency. 
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1.2 Maximum State Machine Frequency 
First, we will find the maximum frequency for the state machine itself. Or, another way of looking at it 
– if the system has a given frequency, we will verify that the setup time requirements are met at that 
frequency.  

This calculation does not depend on external parameters so you can always find this value. It assumes 
that the inputs from the source will always be valid and the outputs will always be sampled correctly 
by the destination device. The maximum state machine frequency represents the best case maximum 
frequency. That is, when the overall system characteristics are taken into account, the maximum 
frequency of the system may be lower than the maximum state machine frequency but it can never be 
higher. 

There are two timing parameters that must be analyzed to determine the maximum state machine 
frequency – the feedback delay, tdfb, and the minimum specified clock pulsewidths. 

The feedback path limits the state machine frequency in the following way: After a controlling clock 
edge, the flip-flop outputs must be fed back to the flip-flop inputs before the setup time of the next 
controlling clock edge. Figure 4 shows the timing diagram for this critical path on a state machine that 
is negative-edge triggered. 

Figure 4 Feedback Path Timing Diagram 

 
For the state machine to function as expected, the requirement is 
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Therefore, the maximum state machine frequency is 
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Notice that the highest possible state machine frequency results when tdfb = 0. This is normally 
referred to as the Maximum Flip-Flop Frequency. In addition, if there are no feedback paths from the 
flip-flop outputs to the flip-flop inputs, the maximum flip-flop frequency is the maximum state 
machine frequency.  

Clock Pulsewidths. Sequential devices such as flip-flops, CPLDs, counters, etc, have a specified 
minimum clock pulsewidth. So, we need to verify that the maximum state machine frequency does not 
violate the minimum pulsewidth specifications using the following formula (assuming the clock has a 
50% duty cycle) 

max2
1

fw
t =  



State Machine Timing Analysis  
 

SMTimingV5.docx, 10/28/11 4 ©Todd Morton 

1.3 Maximum Frequency Due to Input and Output Paths 
There are two important parameters when evaluating the input timing – input to flip-flop setup time 
and the input change to flip-flop hold time. 

The set-up time requirement determines a maximum frequency due to the input signals. To find the 
maximum frequency of the system due to the input signal timing you must know when the inputs are 
valid. The parameters required are the input clocking edge and the clock to input delay, tsd. The 
requirement that must be met is the state machine’s flip-flop setup time, tsu. Figure 5 shows the timing 
diagram for the input signals.  

Figure 5 Input Critical Path. Neg. Edge to Neg. Edge 

 
Figure 5 shows a system that has 'same-edge' triggering. That is, the controlling clock edge for the 
inputs is the same as the controlling clock edge for the state machine flip-flops. In this case, the 
controlling clock edge is the falling edge of CLK. For the setup times of the flip-flops to be met 

 clkTsutditsdt ≤++  

Therefore the maximum system frequency due to the input(s) is 

 
min,max,max,min,

max
11

sudisdclk tttT
f

++
==  

In addition, because the negative clock edge triggers the flip-flops, the input signals must not change 
before the minimum hold time of the flip-flop. This is rarely an issue, especially if the input is clocked 
by the same clock and there is input logic. However, for those rare times when there may be a 
violation, we must check the hold time specification. Assuming the input source is clocked on the same 
clock edge as the flip-flops: 

 min,min,min, htditsdt ≥+  
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1.4 Maximum Frequency Due to Output Sampling 
To find the maximum frequency of the system due to the output signal timing, you treat the output 
circuit as the state machine and the state machine as the input source. Then it becomes the same 
analysis as timing for input signals in section 1.3. 

1.5 State Machine Propagation Delay 
The propagation delay from a state machine input to output for same-edge systems is 
 sdfdoffcoclkpd tttTt −++=  
If the clock period for the maximum system frequency is substituted into the equations above, you get 
 fdoffcosudipd ttttt +++=min,  
This represents the smallest possible propagation delay for the system.  

The propagation delay through a state machine is usually not the critical factor in a design. The critical 
factor is more likely to be the maximum system frequency. For example, a serial communications 
circuit must be able to convert the input bit stream at a high data rate (frequency) but it rarely matters 
how long it takes to complete a conversion. The propagation delay results in a phase delay for the bit 
stream and is not a problem as long as it is under some humanly perceptible delay (often referred to as 
latency). Propagation delay becomes important when a complex function must be completed as fast as 
possible – an arithmetic logic unit, for example. 

We will look at ways to decrease the overall propagation delay for a system with the clock frequency 
set far below the maximum state machine frequency in Section 1.8. 
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1.6 Examples 
Example 1-1 A State Machine Timing Analysis 

1. Find the maximum state machine frequency of the circuit in Figure 6. 
2. Find the maximum frequency of the system in Figure 6 given inputs that are triggered on the same-

edge and have an input source delay of 25ns. 
3. Find the maximum frequency of the system in Figure 6 for outputs sampled by a simulator on the 

same-edge. 

Figure 6 Example State Machine 

 

Solutions: 

1. To find the maximum state machine frequency, we must find the critical feedback path. Here are the 
time delays for every feedback path: 

J1: No feedback path K1: tdfb = 1 NOR gate delay 
J2: tdfb = no delay K2: No feedback path 

 
So, the worst case feedback delay, tdfb, is for K1 and the resulting maximum frequency is: 

MHz
nsnsnstttT

f
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=
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==  

Minimum clock pulsewidth for a 74HC112 is: tw,min = 20ns. Assuming a 50% duty cycle clock, the 
pulsewidth for the calculated maximum state machine frequency is: 

ns
MHzMHzf

tw 5.37
6.26
1

3.132
1

2
1

max
min, ==

⋅
==  

Therefore, the minimum pulsewidth specification is met. 
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Example 1-2 A State Machine Timing Analysis (cont) 

2. To find the maximum frequency due to the inputs, we must find the critical input path for all flip-
flop inputs: 

J1: No delay K1: No input path 
J2: No input path K2: No delay 

 
So, the worst case input delay, tdi, is 0ns and the resulting maximum frequency is: 

MHz
nsnsnstttT

f
sudisdclk

20
25025

111

min,
max =

++
=

++
==  

The next step is to verify that the flip-flop hold times are met. Since the minimum source delay is 
not given, we will give a practical value of one-half the maximum source delay. The worst case 
for this analysis is the two inputs with no input delay, J1 and K2. 

ns
t

nst sd
h 5.12

2
3min, =≤=  

So, the hold time requirement has been met. 

3. To find the maximum frequency that will result in correct test vectors from a simulator we need to 
make sure the outputs are valid before the next falling-edge. In this case, since this is a Moore 
machine, we do not need to test an input to output delay. So, 

MHz
nsnsnsttt

f
osudfoffco

20
01931

11
max =

++
=

++
=  

Based on these three calculations, the maximum frequency for the system is 13.3MHz. 
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Example 1-3 CPLD Timing Analysis 

In this example, we will analyze the timing of a Xilinx XC2C256-7 CPLD. Refer to ‘CoolRunner-II 
CPLD Family’ and ‘XC2C256 CoolRunner-II CPLD’ datasheets. 

1. Find the maximum state machine frequency for any state machine implemented in the CPLD 
(Assuming all logic requires multiple p-terms, all feedbacks are internal, the CLK uses a GCK pin, 
and the IO pins are set to 3.3V). 

2. Find the maximum frequency of the system shown below given same-edge triggering and an input 
source delay of 10ns. 

3. Find the maximum frequency for valid output samples from a simulator that samples on the same-
edge. 

 
Solutions: 

1. To find the maximum state machine frequency, we must find the critical feedback path. Since the 
feedback paths inside the CPLD have the same timing characteristic in this case (multiple p-terms), 
we use the maximum frequency due to internal feedback specification on the CPLD data sheet. This 
is also given as fSYSTEM in the CPLD data. For this device we get: 

MHz
ttttt

f
SUILOGILOGIFCOI

85.140
8.15.01.10.37.0

11

21
max =

++++
=

++++
=  

 
Now we must verify that this frequency will not violate the minimum pulsewidths for the CPLD. 

nsTns
MHzMHzf

t CWw 6.155.3
7.281
1

85.1402
1

2
1

max
min, =≤==

⋅
==  

So, assuming a 50% duty cycle clock, the pulsewidth requirements are met. 

Note that all of these signal paths are internal so there are no IO adders. 
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Example 1-4 CPLD Timing Analysis (cont) 

2. To find the maximum frequency due to the inputs, we must calculate the critical input path for all 
inputs. Because the CPLD setup time includes the input to flip-flop delay, the maximum frequency 
is: 

MHz
nsnsttT

f
SUsdclk

1.75
3.310

111

2min,
max =

+
=

+
==  

Now we need to verify that the CPLD hold times are met. For this example, we will use the 
conservative value for the minimum source delay – 0ns. 

nsnsTH 00min, ≤=  
So, in this case, even though the minimum source delay is 0ns, the requirement is met. 
 

3. To find the maximum frequency due output sampling, we must calculate the critical output path for 
all outputs. Here, we will assume that there is multiple p-term output logic so the FF output must be 
fed back into the AND-OR matrix. Because the simulator setup time is zero, the maximum 
frequency is: 

MHz
nsnsnsnsnsnsnsnsns

TTTTTTTTT
f

OUTOUTPDILOGILOGIFCOIINGCK

5.73
6.16.27.05.01.10.37.07.07.2

1

1
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=
++++++++

=

++++++++
=

 

Based on these three calculations, the maximum frequency for the system is 73.5MHz. The limiting 
factor in this case is the output delay. This illustrates one reason that it is desirable to have registered 
Moore machines so the output does not have to go back through the AND-OR matrix. 
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1.7 Output Sampling 
In this section we will look at the sample times required to produce meaningful test vectors. Here we 
will assume a same-edge system. That is, both input signals and FFs are triggered on the same clock 
edge. 

Test Vector Sample Times 

In order to have meaningful test vectors, a vector must represent a single state. For example, a vector 
that contains the present value of the state variables must contain the present value of the inputs and 
the present value of the outputs. If the samples are taken at the wrong time, you can end up with the 
next inputs on the same line as the present state, etc. 

Figure 7 shows the timing for a state machine that has inputs and flip-flops clocked on the same-edge. 
n represents the 'nth' state, n-1 is the previous state, and n+1 is the next state. For same-edge systems, 
the input and state changes are both controlled on the same edge, in this case, the falling edge of CLK. 
For Moore machines, the outputs are only a function of the present state. For Mealy machines, the 
outputs are a function of both the present state and the inputs. However, since the inputs and state 
variables change nominally at the same time, the output changes occur nominally at the same time for 
both Mealy and Moore outputs.  

Figure 7 State Timing, Moore or Mealy, same-edge Triggering 
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To sample the signals for test vectors, either clock edge could be used but it is better to use the 
controlling edge, in this case the falling edge. If the falling edge is used, the outputs have a full clock 
cycle to change before a vector is sampled. If the state machine is running close to its maximum 
frequency, it is possible for the outputs not to become valid until after the rising-edge. If this happens, 
and the rising-edge is used for test vector samples, it is possible to sample the incorrect output even if 
the state machine is operating correctly.  



 State Machine Timing Analysis 

SMTimingV5.docx, 10/28/11 11 ©Todd Morton 

1.8 Opposite-Edge and Multiple Phase Timing 
As we will see in the following discussions, timing analysis for systems that have the inputs clocked on 
the opposite-edge as the flip-flops is more complicated. There are reasons, however, that we may need 
to use opposite clock edges or use multiple clocks that are out of phase. These reasons include: 

Increasing hold times in systems with slow clocks and long signal paths. Systems with clocks that 
run much slower than the maximum frequency do not come close to violating the setup time for the 
flip-flops. The inputs are valid shortly after the controlling clock edge and, therefore, have a whole 
clock cycle to satisfy the setup time. If same-edge triggering is used, there is a danger of hold time 
violations due to clock skew because the inputs change almost immediately after the controlling edge. 
If opposite-edge triggering is used the inputs don't change for another half cycle so the input transitions 
are kept as far as possible from the flip-flop controlling edge. Communication systems normally use 
opposite-edge triggering because of the long signal paths and signal distortion. Note that systems like 
this should not use Mealy machines because of the transition times on the outputs. 

Systems with a fixed clock but require a minimal propagation delay. Many systems have a fixed 
clock frequency determined by some other logic block in the system. It is expensive to add another 
oscillator and doing so could result in some asynchronous interfaces between system blocks. The 
propagation delay for opposite-edge systems is 1/2 that for same-edge systems. So as long as setup 
times are not violated, opposite-edge triggering can decrease the propagation delay through the circuit. 
Again, care must be taken for Mealy outputs, as they must be sampled on the flip-flop controlling 
edge.  

Systems that use different clock phases have the same maximum state machine frequency. However, 
we do need to recalculate the maximum frequency due to inputs, the propagation delay, and determine 
when the outputs can be sampled. 

Maximum Frequency Due to Inputs – Opposite Edge Clocks 

 Figure 8 shows a system with opposite-edge triggering. In this case, the inputs are triggered on the 
falling edge and the state machine is triggered on the rising edge. Note that we are assuming a 50% 
duty cycle clock. 

Figure 8 Input Critical Path. Neg. Edge to Pos. Edge 
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The setup time requirements are: 
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Therefore the maximum system frequency is 
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Propagation Delay – Opposite Edge Clocks 

At first glance, it appears that the circuit runs 'slower' because the maximum frequency is one-half that 
of a same-edge system. However, if we look at the propagation delay from the input to the flip-flop 
output, we end up with 

 sddfoffco
clk

pd ttt
T

t −++=
2

 

for opposite-edge systems. If the clock period for the maximum system frequency is substituted into 
the equations above, you get 

 dfoffcosudipd ttttt +++=min,  
This is the same minimum propagation delay as the same-edge system. However, if the clock 
frequency is fixed at a lower frequency, we may be able to decrease the propagation delay by using 
opposite clock edges.  

Example 1-5 A State Machine Timing Analysis 

Find the maximum frequency of the system in Figure 6 given opposite-edge triggering and an input 
source delay of 25ns. 

Solution: 

For opposite-edge triggering, the frequency from part 2a.is cut in half so: 

MHz
)nsnsns()ttt(T

f
sudisdmin,clk

max 10
250252

1
2

11
=

++
=

++
==  

This is smaller than the maximum state machine frequency so the maximum frequency for the 
opposite-edge system is 10MHz. 
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1.9 Test Vector Sample Times 
Figure 9 shows the state timing for a Moore machine that uses opposite-edge triggering. In this case, 
the inputs are controlled by the falling edge of CLK and the state machine is controlled by the rising 
edge of CLK. Since this is a Moore machine, the outputs are only a function of the state so their 
changes are also controlled, indirectly, by the rising edge of CLK. 

Figure 9 State Timing, Moore Machine w/ opposite-edge Triggering 
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For this system the vectors must be sampled on the controlling edge for the state machine, in this case, 
the rising edge of CLK. If the vectors are sampled on the rising-edge the vectors are: 

Vector Inputs State Output 
[r1] n-1 n-1 n-1 
[r2] n n n 

 
However, note the error that occurs if the vectors are sampled on the falling edge. The last two falling 
edges would result in vectors with: 

Vector Inputs State Output 
[f1] n-1 n n 
[f2] n n+1 n+1 

 
These vectors, by themselves, would not be adequate to determine if the system is working correctly.  

It is interesting to note that if the output (destination) circuit sampled this state machine's outputs on 
the rising or falling edge, the system would work correctly as long as the maximum frequency limits 
were not violated. The difference between the circuit sampling on one edge instead of the other would 
just result in a difference in phase.  
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The timing shown on Figure 9 assumes that the outputs are not also a function of the inputs – i.e. a 
Moore machine. Figure 10 shows a Mealy machine that uses opposite-edge triggering. In this case, the 
outputs are a function of both the inputs and the state so there are twice as many output transitions. 

Figure 10 State Timing, Mealy Machine w/ opposite-edge Triggering 
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The outputs for this system go through transition regions, *, where the inputs and the state variables 
are at different timing states. These regions represent the time after the state variables have reached the 
next state but before the inputs have changed to the next input. During these transition regions, the 
outputs are invalid. This means that the vectors must be sampled on the controlling edge for the state 
machine. Here are the resulting vectors if the falling (incorrect) edge of CLK is used. 

Vector Inputs State Output 
[f1] n-1 n * 
[f2] n n+1 * 

 
The vectors in this case cannot be used to verify the operation of the state machine. In fact, this circuit 
has an additional requirement. Remember that the outputs for the opposite-edge Moore machine could 
be sampled by the destination circuit on either clock edge and the system would work. In this case, if 
the outputs where sampled on the opposite edge of CLK than the state machine controlling edge, the 
circuit would not work. Imagine that the n output is a one, but the output is zero on both transition 
regions next to n. If the output is sampled on the rising-edge, the circuit would see a one. If the output 
is sampled on the falling-edge, the one would be missed. The intended output would not be sampled. 
Therefore, if a Mealy machine is used with opposite-edge triggering, the vector samples and the 
destination circuit must sample the outputs on the clock edge that controls the state machine. 
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