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Lecture Objectives

+ Appreciate the difference between theoretical and real digital signals
+ Understand the low and high logic level thresholds for input and output digital
signals

+ Understand the meaning of noise margin and why they are needed
+ Explain the meaning of setup and hold times in flipflops

¢ Explain how data is sent between two digital systems using a synchronous bit-
serial protocol

+ Investigate the timing constraints in a transmission system
+ Explore the TimeQuest timing analyser used in the Quartus system
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In this lecture, we will first examine practical digital signals. Then we will
discuss the timing constraints in digital systems. The important concepts are
related to setup and hold times of registers and how these, together with
delay time of combinational circuit, determine how fast a digital system could

run at.




Typical digital signal

+ Real digital signals are generally far from ideal.

. . . . 5V TTL 3.3V
¢ Shown here is a 4M!—l.z dlglta! signal using 3.3V logic (STD TTL & CMOS
as measured on a digital oscilloscope. H, LS (L,
+ There are overshoots and undershoots in voltage HS, ALS) :IYJT
levels and finite rise and fall times. 5.01 Vee o o5 00 Ve
+ That's why logic circuits have well-defined threshold ALVC)
voltages for high and low levels as shown on the 40
right. '
¢ For 3.3V logic, Voh 2 2.4V and Vih 2 2V, therefore Vce 3.30
the high level margin (noise margin) is 0.4V 3.09 oo {1 ERRRRRRRRRRRRRRREN | & I ----------
Voh (M 2 40 Voh |1 ¥ 2 40
204 Vvihd 2.00 Vih 2.00
Vt e 1.50 (/G 1.50
1.049 Vil 0.80 Vil 0.80
J Vol I]I 0.40 Vol I]I 0.40
0.04  5ng " 0.00 Gnd  0.00
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Shown here is a digital signal produced by an ARM microcontroller as measured with
a digital oscilloscope. This ARM microcontroller uses the 3.3V logic standard, the
same as we use with the DE1-SOC board in Experiment VERI. The waveform has
both overshoots and undershoots immediately after the rising and falling
transitions. Part of the overshoots are due to the scope probe (and the inductance
in the ground lead). However, even on-chip digital signals have some degree of
overshoots. Furthermore, there could also be spurious signals (i.e. noise) coupled
onto any digital signals.

Fortunately, digital signals are characterised as low (‘0’) or high (‘1’) by threshold
voltages. Shown on the right are the digital thresholds defined for 5V TTL logic and
3.3V logic.

Let us consider the high logic level for 3.3V logic. Two threshold voltages are
defined:

Voh = output high threshold voltage — all logic circuits with a high output will drive
a circuit node at 2.4V or higher.

Vih = input high threshold voltage — all logic circuits will regard an input voltage as
high (‘1’) if it is 2V or higher.

The difference Voh — Vih = 0.4V is the margin of error between the driving circuit
and the input circuit. Itis called the noise margin. It is the amount of overshoot,

undershoot or noise that could be tolerated on a digital signal wire without it being
interpreted wrongly by the circuit.

Note that 3.3V logic is actually compatible with 5V TTL logic (i.e. they have the same
threshold voltages). Most 3.3V input pins are 5V tolerant, meaning that it can
withstand a signal up to 5V without damaging the internal circuit.




Setup and Hold Times

The DATA input to a flipflop or register must not change at the same
time as the CLOCK.

IH IS
<+ <+—>
.
. P . CLOCK
SR L R
CLOCK S c1
DATA ]
Q__ ] P L
<+—>

Setup Time: DATA must reach its new value at least ts before the CLOCKT edge.
Hold Time:  DATA must be held constant for at least  after the CLOCKT edge.

+ Typical values for a register: {s = 5 ns, f; =3 ns (discrete logic/ I/O circuit)
ts = -50ps, t,=0.3 ns (internal LE)
* The setup and hold times define a window around each CLOCK T edge within which
the DATA must not change.
* If these requirements are not met, the Q output may oscillate for many nanoseconds
before settling to a stable value.
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Registers (D-FFs) are used everywhere in digital circuits. Using registers has the
advantage of: 1) synchronising all activities to a clock signal; 2) isolate different part
of the digital systems between registers (because the registers block the signal until
the next active edge of the clock; 3) makes timing consideration much easier to
handle.

In the circuit shown here, the D-flipflop is triggered on the rising edge of the clock.
The value in DATA is sampled and stored, and keep as output Q. However, for
reliable operations, DATA MUST BE STABLE some time before the rising edge of
CLOCK. This time is known as setup time t;. This time is needed because there is
internal propagation of the DATA signal which must be taken into account. As a
result, for the D-flipflop to work, such internal delay is specified as the flipflop setup
time requirement.

Similarly, DATA MUST BE STABLE and holds its value some time after the rising edge
of CLOCK. This time is known as hold time t.

What happens if data changes within the setup/hold time window? The Q output
becomes unknown (could be ‘1’ or ‘0’, or at a voltage level that is between the two).
Eventually Q will go to ‘0’ or ‘1, but the time it takes to reach the stable Q value is
random! Such a state of the flipflop is known as a “metastable” state.



Setup time violation and metastability

+ No setup time violation
+ Input data arrives earlier than tg
before rising edge of Clock

+ Data Out changes cleanly to either 0
or1

+ Set up time violation

¢ Input data arrives within the setup
time window tg

¢ Data Out becomes undefined (0 or 1
or somewhere in between) for a
random period time before settling
down to either O or 1

+ This can cause the digital circuit to fail
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The waveforms shown here illustrates what happens when setup time violation occurs. The Data
Out signal becomes indeterminate for a period of time before settling down to either 0 or 1.

Why would this cause circuit to fail. This metastable logic signal could be captured by two different
D-FFs, one could resolve its output A to ‘1’, and another could resolve its output B to ‘0’. Therefore
the same logic signal could be interpreted by the circuit as two different logic values.

Metastability is a problem that arises when an external input NOT synchronised to the system clock
is fed into our synchronous circuit. Since the input signal could change anytime relative the the clock
edge, metastability will occur. It could also happens when a signal crosses from one clock domain

(Clock1) to another clock domain (Clock2).

To avoid the metastable signal causing error in the digital system, one could use a synchronization

chain as shown below.

|

Logic 1 _:i "// ’7‘: :
Clock t

Logic 0 i o _JW_ L _: ___________
I I ! I
e - - == + +
Logic 1 I g 1 1
Input violates tg; 1 I 1 I

Logic 0 [ A D R R
T )
!

oge T ™ Vewsaooupith | )
Logico  (resolves tonew data aftertoo) !
v I

Metastable output B :
(resolves to old data after t¢o) I

Setup time of D-FF
could be violated

Synchronization Chain

______________

Clock1 Domain : Clock2 Domain : -
Data D Q : D QF=HD QF—=Registers
> | >
A 4
Clock1 Clock2

Q is synchronised to

P could go
Clock 2

metastable



Transmission Delays

+ Propagation speed = (L,C,) * where L, and C, are inductance and capacitance
per unit length.

+ For a uniform line this gives a total delay of (LC)” where L and C are the total
inductance and capacitance. Any additional load capacitance will increase
delay.

+ Signal speed can be expressed in terms of:
o the speed of light (¢ =30 cm/ns)
e the geometry of the wiring
* the relative permittivity of the insulator:
+ Examples:
¢ Rule-of-thumb:Coax cable: ¢ X g7 = 20 cm/ns for €, = 2.3 (teflon)

» PCB with ground plane: 1.4c X (1.4+¢,) " cm/ns = 17 cm/ns for €, = 5 (fibreglass)

+ Data travels along typical wires and circuit board tracks at about 15 cm/ns: half
the speed of light.
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We have previously discussed the delay incurred by digital gates. Even wires (or PCB
tracks) also has delay.

For a given wire, there is a characteristic inductance Lo and characteristic
capacitance C, per unit length. The speed of propagation of a digital signal along
such a wire is roughly the square root of L,Co.

Another way, to express the speed of signal propagation along a wire or a coaxial
cable is in terms of speed of light, c = 30cm/ns). The propagation speed depends on
the geometry of the wire and the relative permittivity €, of the wire’s insulation (or
the PCB material).

For coax cable, the speed is around 67% of that of speed of light. Signal travels
slightly slower (57% of speed of light) on tracks on PCB with a ground plane (a PCB
that has an earthed surface on one side).

A good rule of thumb is that a digital signal takes around 1 ns to travel a distance of
15 cm on a PCB.




Synchronous Bit-Serial Transmission

Transmitting 8 bit values from A to B:

¢ FRAME indicates the first bit of each value; the other 7 bits follow on consecutive
clock cycles. The FRAME signal is often called a frame sync pulse.

» DATA changes on the falling CLOCK edge FRAME
e Propagation delays are often omitted from DATA
diagram. A B
e DATA is sensed by system B on the rising g
CLOCK edge to maximise tolerance to CLOCK |

timing errors. We must always clock a
flipflop at a time when its DATA input is not

changing. cLOCK '
FRAME __ [ ./ ' gl
DATA [] 1 G 1 T
Bsenses f titt bttt
‘1000011000010010 010

: 134 : 18 :

Let us consider two systems A and B, and we want to send digital data between
them. The obvious method is to send the digital data one bit at a time. Such serial
communication method has many advantages: 1) It is very simple to do; 2) it only
needs very few wires linking between the two systems.

If the communication is governed by a clock signal, it is a synchronous bit-serial
transmission system. Here we need a clock signal and a data signal. Since in most
cases, we are interested in data that are more than one bit (for example, you may
be interested in a block of data occupying, say, 134 bits). This block of data is known
as a “frame”. To identify when a frame of data starts, we may need another signal
FRAME to indicate where the first bit starts.

In this example, the sender is triggered on the falling edge of the clock, and the
receiver (at B) is triggered on the rising edge of the clock.




Timing Specifications

A lbA " __ oB|,B
CA CB
> C1 > C1 For Device B:
CLOCK e ]
Time: 0 1 VT fData input changes at
T 5 - time t,+1,
&8 m +Clock input changes T
DA —’{ N i 5 L at time 2T+t
DB ) :
Time: 0 ’f’o V;T+1C
Ip Propagation delay for device A.
T Clock Period.

le, Ip Transmission line delays for CLOCK and DATA
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Here is the timing diagram for the data travelling from A to B via a synchronous
serial link. CA is the clock signal to module A. It also supply CB, but CB is delayed by
tc due to the propagation from A to B.

DA changes t; after the falling edge of the clock. The propagation delay of the data
signal is tp.




Timing Constraints (1)

A lbaA ' ____ oB|,B
CA > C1 cB > C1
CLOCK e
0 l/T T
CA : )\ .
DA / ;»\37
DB (‘{ >
cB | 5 | 5
titt, T, T+ttt
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In order to guarantee reliable working of the serial interface circuit, the rising edge
of CB must become stable outside the setup time window (shown in light blue).




Timing Constraints (2)

CLOCK

For Device B: . 5 :
. gty V2Tt T+tgtty,
. Data input (DB) changes at tp+t, (and T+ tp+tp )
. ClockT (CB) at time 2T+t
For reliable operation:
. Setup Requirement: fp+ fp + tg < YT +
. Hold Requirement: 2T+t + t; < T+ tp+ 1y
Get a pair of inequalities for each flipflop/register in a circuit.
You never get both {5 and f;, in the same inequality.
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In order to consider the timing constraints for this circuit, we only need to focus on
the receiving FF B. We ask the questions:

1.When DB is sampled on the rising edge of CB, is DB stable or not? The answer to
this question produces the setup time requirement constraint. Here we consider
what causes DB to change (the falling edge of CA), and how long it takes for this
change to propagate to DB (tp + tp). Then we add the setup time to this (because CB
MUST BE STABLE t; before the clock edge). This must then be shorter than the time
a which DB is sampled by CB. That is, this must occur on the rising edge of CB (which
is AT + t¢).

2.After DB is captured by the FF, will DB holds its value long enough? We now
examine after sampling, when will DB change next. This occurs at T + (tp + tp), and
produces the hold time constraint.

10




Example

' For a given DSP processor:
Aloa ' 0B|,B 0<tp<10ns, fs=5ns, t5=3 ns
A Bl e Suppose differential delay: <10 <(zp— #-)<+10

CLOCK lc

Find maximum CLOCK frequency (min CLOCK period):

emax (tp+tp)+tg <min (%LT+ 1) |Setup Requirement: to+ tp + s < YT+t |
10+10+5<%T+0 (tp =10, tc=0)

BT >25 = T>50ns

emax ( ‘/2T+t(-) + ty <min( T+tp+ ;D) | Hold Requirement: 2T+t + &, < T+ tp+ ID‘
“Wr+10+3 < T+0+0 (tp =0, tc=10)

W“Wr>13 = T>26ns

eHence fo ock < 1/50ns = 20 MHz

+To test for worst case: make the left side of the inequality as big as possible and
the right side as small as possible.
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Let us plug some numbers into the system here. Note that timing constraints such
as t, may be specified as a range of values. In this case 0 < tp < 10ns. You must
choose the maximum value (worst case) for parameters on left side of <, and
minimum value on the right side of <.

Here we can calculate the minimum period (and hence the maximum frequency)
that the circuit can operate reliability without violating either the setup time or the
hold time constraints.

11




Propagation Delay Constraint Inequalities

When do they arise?

Whenever a flipflop’ s clock and data input

CA~| | cB ‘)°C1 signals originate from the same ultimate
source. Here CB and DB both originate

from CLOCK. You normally get two

CLOCK e ]
inequalities for each flipflop in a circuit.

Relationship between setup and hold inequalities: IMPORTANT:

) These inequalities applies
*  Setup Requirement:  fp+ tp + Is < %2T + ¢ ONLY to this circuit.
*  Hold Requirement: VaT+to+ b < to+tp+ T IT IS NOT UNIVERSAL!
Are both ts and £, ever in the same inequality?
* No.

How do you decide to take the max or the min?
*  For a <, take max of everything on the left and min of everything on the right.
* max = most positive: for example, max(-7,-2) = -2
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When do you need to consider these inequalities? Whenever you consider
sequential circuits where the data and/or clock signals are derived from the
same source.

12




The 16-bit up-counter

module counter ( CLOCK

clock, // Clock input to the design > 1
reset, // act R nput P
enable, // Act Qo0
count // 4 bit a1
)i /
Q2
l//————————————— Input Porgs-—————-—————mm e
input clock:
input reset;
input enable;
' A OUTHUT POLT S o e o o o e o o e o o e
ela
output [1§-== ypath
=========--- Main Body of t!
/ 211 thd < always @ (posedge clock) count[15:0]
wire clocy // At every rising edge of clock we check if feset is active
wire reseqg /] If a:t;v):e, - B updated at end
Wize enab3 if (reset bl) begin of always
________ count <= 16'b0;
Output end '
reg [15:0] // If enable is active, then w .COUntf 1'b1 evaluated
else if (enable = 1° immediately after +ve
count <= count + 1'big edge of clock
end
end // End of Block
endmodule // End of Mecdule counter
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Now let us consider the Verilog specification for a 16-bit up-counter. The red
arrows here indicates the delay paths from the rising edge of the clock to the
Q output, then through the logic block D=Q+1 and you must also add in the
setup time of the flipflop.

Note how this counter is specified in Verilog.

13




TimeQuest Report (1) - Fmax

4 7 TimeQuest Timing Analyzer
25 Summary
=9 SDC File List
¥ Clocks

CLOCK

¥ Slow 1200mV 85C Model

= Fmax S y

Fmax = (teq * t * tsetup) |

{E| Timing Closure Recommendations

=9 Setup Summary
" Hold Summary
E| Recovery Summal Fmax
[£] Removal Summar|1 498.5 MHz
== Minimum Pulse W T

Slow 1200mV 0C Model Fmax Summary
Restricted Fmax
250.0 MHz

2 Worst-Case Timing Paths
1 Datasheet Report
[E] Metastability Report
. Slow 1200mV 0C Model
_J Fast 1200mV 0C Model
M Multicorner Timing Analysis Summary
1 Multicorner Datasheet Report Summary
1 Advanced /O Timing
1 Clock Transfers
E| Report TCCS
E| Report RSKM
M8 Unconstrained Paths
J) Messages

Slow 1200mV 85C Model Setup Summary

1

Clock
clock

Fmax

1 438.79 MHz

Qo0
Q1
Q2

Logic
D=Q+1

Qo
Q1
Q2

Restricted Fmax
250.0 MHz

count[15:0]
updated at end

clock

Clock Slack

17.721

End Point TNS
0.000

\ of always

count + 1'b1 evaluated
immediately after +ve
edge of clock
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If you implement this on the Cyclone Ill FPGA, you can use the timing analyser,
known as TimeQuest, in Quartus to work out the timing constraints for you. This
reports that the maximum operating frequency of the counter is 498.5MHz.
However, due to the limitations of the pins, the maximum observable frequency is
250MHz. This is because the pins and pads of the chip is rather slower than the
internal logic. (This year, we will be using Cyclone V FPGA and the maximum

frequency will be different.)

14




TimeQuest Report (2) — Setup Summary

4 7 TimeQuest Timing Analyzer
25 Summary
=9 SDC File List
¥ Clocks
¥ Slow 1200mV 85C Model
== Fmax Summary
E Timing Closure Recommendations
= [EELT R UL S Slow 1200mV 85C Model Setup Summary
=8 Hold Summary Clock  Slack  End Point TNS

E| Recovery Summa
= y Summary 1 cock 17721  0.000
£ Removal Summary ‘

== Minimum Pulse Width Summary
-] Worst-Case Timing Paths

CLOCK
>

Qo D0 AN\ Qo
Q1| Logic D1 \ Q1

D=Q+1 \

[N

1 Datasheet Report 20ns ! count[1 5.0]
[E] Metastability Report A E——
23 Slow 1200mV 0C Model e | U?glated at end
_J Fast 1200mV 0C Model clock ts o) ways
® Multicorner Timing Analysis Summary — It ;

count + 1'b1 evaluated

1 Multicorner Datasheet Report Summary \
(3 Advanced Y/O Timing D g ; X immediately after +ve
1 Clock Transfers edge of clock

E| Report TCCS
E] Report RSKM setup time
™8 Unconstrained Paths slack
J) Messages
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For this circuit, it also reports the timing slack. We are running the clock at 20ns
period or 50MHz. Then the setup time slack is 17.721ns. That is D settles to its final
value 17.721ns earlier than it is required.

Slack time is a measure of the margin you have before the circuit stops working
reliability. (Values will be different for Cyclone V this year.)

15



TimeQuest Report (2) — Hold Summary

4 g IlmeQuest hmlng Ana[yzer
25 Summary

=9 SDC File List

¥ Clocks

¥ Slow 1200mV 85C Model

=¥ Fmax Summary

=9 Setup Summary

= Hold Summary
[E| Recovery Summary
|£] Removal Summary

|£] Timing Closure Recommendations

Slow 1200mV 85C Model Hold Summary

Clock Slack End Point TNS
1 clock 0.570  0.000

CcLOCK ot
1 C
Qo 00 PN Qo
Q1| Logic D1 Q1
Q2| D=1 | N\, | a2

=8 Minimum Pulse Width Summary
] Worst-Case Timing Paths
] Datasheet Report 20ns count[1 5.0]
|E] Metastability Report T —— )
» 1 Slow 1200mV 0C Model U?:Iated atend
+ [ Fast 1200mV 0C Model clock t: OF Sways
=% Multicorner Timing Analysis Summary ity
(1 Multicorner Datasheet Report Summary <> count + 1'b1 evaluated
&3 Advanced /O Timing D \ i X X immediately after +ve
» 1 Clock Transfers /N ed f ol
— e ock
E] Report TCCS ‘V <> ge of cloc
E| Report RSKM h°:|'atc':'e
™9 Unconstrained Paths
J) Messages
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Hold time slack is reported here to be 0.57ns.
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Quiz Questions

1. What is a bit-serial transmission
system?

2. What is a synchronous transmission
system?

3. In a synchronous transmission
system in which the transmitted data
changes on the rising edge of the
CLOCK, why is it normal for the
receiver to sense the data on the
falling edge of the CLOCK ?

4. What is the purpose of the frame
sync signal In a synchronous bit-
serial transmission system?

5. How far does a signal travel along a
typical wire in one nanosecond?

What do the terms setup time and hold
time mean?

Why do you get a pair of timing
inequalities for each flipflop or register
in a circuit?

In formulating the timing inequalities,
how do you choose what to use for a
quantity whose value may lie
anywhere within a particular range?

Answers are all in the notes.
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