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8.9.8 Synchronizing High-Speed Data Transfers
A very common problem in computer systems is synchronizing external data
transfers with the computer system clock. A simple example is the interface
between personal computer’s networlenféice card and 200 Mbps Ethernet
link. The inerface card may beononected to a PCI bus, which has a 33.33 MHz
clock. Even though the Ethernet speed is an approximate multiple of the bus
speed, the signakceived on the Ethernet link is generated by another computer
whose transmit clock is not synchronized with the receive clock in any way. Yet
the interface must still diger data relidgly to the PCI bus.

Figure 8-102 shows the problem. NRZ serial d&D&TA is received from
the Ethernet at 100 Mbps. The digital phase-locked loop (DPLL) recovers a 100-
MHz clock signalRCLK which is centered on the 100 Mbps data stream and
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CLKEN
100 Mbps Ethernet RBYTE[7:0] SBYTE[7:0]
received data DOUTI7:0] = > —————>[DIN[7:0]
DOUT[7:0] => SD[7:0]
byte
synchronizer
—_— > CLK
Figure 8-102 ,
Ethernet synchronization —>|DINI7:0] SYNC
problem. SYNC
I
ONE NIBBLE The explanation of 100 Mbps Ethernet reception above is oversimplified, but suf-
AT ATIME ficient for discussing the synchronization problem. In reality, the received data

rate is 125 Mbps, where each 4 bits of user data is encoded as a 5-bit symbol using
a so-called 4B5B code. By using only 16 out of 32 possible 5-bit codewords| the
4B5B code guarantees that regardless of the user data pattern, the bit stream|on the
wire will have a sufficient number of transitions to allow clock recovery. Also, the
4B5B code includes a special code that is transmitted periodically to allow nibble
(4-bit) and byte synchronization to be accomplished very easily.
As a result of nibble synchronization, a typical 100-Mbps Ethernet interface
does not see an unsynchronized 100 MHz stream of bits. Instead, it sees an
unsynchronized 25 MHz stream of nibbles. So, the details of a real 100-Mbps
Ethernet synchronizer are different, but the same principles apply.
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allows data to be clocked bit-by-bit into an 8-bit shift register. At the same time,

a byte synchronization circuit searches for special patterns in the received data
stream that indicate byte boundaries. When it detects one of these, it asserts the
SYNC signal and does so on every eighth subse@®@bk tick, so thaBYNC is
asserted whenever the shift register contains an aligned 8-bit byte. The rest of the
system is clocked by a 33.33 MHz clgg&LK. We need to transfer each aligned
byteRBYTE[7:0] into a registeBREG in SCLK’s domain. How can we do it?

Figure 8-103 shows some of the timing. We immediately see is that the
byte-aligned signaBYNC, is asserted for only 10 ns per byte. We have no hope
of consistently detecting this signal with the asynchrosfix, whose period
is a much longer 30 ns.

The strategy that is almost universally followed in this kind of situation is
to transfer the aligned data first into a holding regis®EG in thereceiveclock
(RCLK) domain. This gives us a lot more time to sort things out, 80 ns in this
case. Thus, the “?” box in Figure 8-102 can be replaced by Figure 8-104, which
showsHREG and a box markedSCTRL.” The job of SCTRL is to assert
SLOAD during exactly one 30-r8CLK period, so that the output fREG is
valid and stable for the setup and hold times of regiSREG in the SCLK
domain.SLOAD also serves as a “new-data available” signal for the rest of the
interface,indicating that a new data byte will appearSB¥TE[7:0] during the

SCTRL X
Figure 8-104
SCLK ————————— Byte holding register
SLOAD and control.
HREG
RCLK : CLK
SYNC CLKEN
RBYTE[7:0] ————>|DIN[7:0]
DOUT[7:0]—=> SBYTE[7:0]
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Figure 8-105
Timing for SBYTE
and possible timing
for SLOAD.

Figure 8-106
SCTRL circuit for
generating SLOAD.
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nextSCLK period. Figure 8-105 shows possible timing$aOAD based on this
approach and the previous timing diagram.

Figure 8-106 is a circuit that can generat®AD with the desired timing.
The idea is to usBYNC to set ars-R latch as a new byte becomes available. The
output of this latchNEWBYTE, is sampled b¥F1 in theSCLK domain. Since
NEWBYTE is not synchronized witBCLK, FF1’s outputSM may be metastable,
but it is not used b#F2 until the next clock tick, 30 ns later. Assuming that the
AND gate is reasonably fast, this gives plenty of metastability resolution time.
FF2’'s output is theSLOAD signal. TheAND gate ensures th&LOAD is only
oneSCLK period wide; ifSLOAD is already 1, it can’t be set to 1 on the next tick.
This gives time for th&-R latch to be reset IFLOAD in preparation for the next
byte.

A timing diagram for the overall circuit with “typical” timing is shown in
Figure 8-107. Sinc&CLK is asynchronous tBCLK, it can have an arbitrary
relationship withRCLK andSYNC. In the figure, we’ve shown a case where the
nextSCLK rising edge occurs well aft?iEWBYTE is set. Although the figure
shows a window in whicBM andSM1 could be metastable in the general case,
metastability doesn’t actually happen when the timing is as drawn. Later, we’ll
show what can happen if t&€LK edge occurs wheMEWBYTE is changing.

We should make several notes about the circuit in Figure 8-106. First, the
SYNC signal must be glitch-free, since it controls gheput of a latch, and it
must be wide enough to meet the minimum pulse width requirement of the latch.

NEWBYTE SM SM1
SYNC —s ) D 0 Dﬁ D 0 SLOAD
R —> CLK —1> CLK

’7 FF1
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Since the latch is set on the leading edgsYafiC, we actually cheated a little;
NEWBYTE may be asserted a littleeforea new byte is actually available in
HREG. This is OK, because we know that it takes 8@ K periods from when
NEWBYTE is sampled untiSREG is loaded. In fact, we ight have cheated
even more if an earlier version 8¥NC was available (see Exercise 8.76).

Assuming thatg,is the setup time of@flip-flop andt,is the propagation
delay of theAND gate in Figure 8-106, the available metastability resolution
timet, is oneSCLK period, 30 ns, minug, + t,q, as shown in Figure 8-107. The
timing diagram also shows why we can't ¢ directly as the reset signal for
theS-R latch. SincesM can be metastable, it could wreak havoc. For example, it
could be semHIGH long enough to reset the latch but then fall badlkdw/; in
that caseSLOAD would not get set and we would miss a byte. By using instead
the output of the synchronize3l(OAD) both for the latch reset and for the load
signal in theSCLK domain, we ensure that the new byte is detected and handled
consistently in both clock domains.

The timing that we showed in Figure 8-107 is nominal, but we also have to
analyze what happensSELK has a different phase relaiship withRCLK and
SYNC than what is shown. You should be able eowince yourself that if the
SCLK edge occurs earlier, so that it sampEWVBYTE just as it's goingHIGH,
everything still works as before, and the data transfer just finishes a little sooner.
The more interesting case is whB8GLK occurs later, so that it just misses
NEWBYTE as it's goingHIGH, and catches it or&CLK period later. This timing
is shown in Figure 8-108.

Copyright © 1999 by John F. Wakerly Copying Prohibited



680

Chapter 8

—| lrcLk

\I\f\JE\I\I\J

Sequential Logic Design Practices

tstart

8lrcLk

[end

AVAVAY

JAVAV
O

\ \ ~ goes LOW
NEWBYTE /( ( \ / before detected

SYNC //Z_ /
SCLK \ L | ]
SBYTE :X_X /tSCLK _>> valid IR \/ valid

/ Q/L((\ next byte

SD x X X invalid

Figure 8-108 Maximum-delay timing for SCTRL circuit.

In the timing diagram, we have shoMEWBYTE going high around the
same time as th8CLK edge—less thaRF1's tg, before the edge. ThuBF1
may not Se&NEWBYTE asHIGH or its output may become metastable, and it
does not solidly capturSEWBYTE until one SCLK period later. TwaSCLK
periods after that, we get tB€LK edge that loadSBYTE into SREG.

This timing scenario is bad news, because by the time the load occurs,
SBYTE is already changing to theext received byte. In additiorSLOAD
happens to be asserted during and a little bit aftee¥NC pulse for this next
received byte. Thus, the latch has bsthndR asserted simultaneously. If they
are removed simultaneously, the latch output may become metastable. Or, as
we've shown in the timing diagram, MEWBYTE (R) is negated last, then the
latch is left in the reset state, and this next received byte is never detected and
loaded into th&sCLK domain.

Thus, we need to analyze the maximum-delay timing case carefully to
determine if a synchronizer will work properly. Figure 8-108 shows a starting
reference pointg,for the SCTRL circuit, namely théRCLK edge on which a
byte is loaded INttIREG, at end ofSYNC pulse). The ending reference point
tend IS the SCLK edge on whicl8BYTE is loaded intcSREG. The maximum
delay between these two reference points, which we’lltgglly is the sum of
the following components:

—trcik  Minus oneRCLK period, the delay fromy,;back to the edge on which
SYNC was asserted. This number is negative becausk is asserted
one clock tick before the tick that actually lo&tREG.
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tco One flip-flop CLK-to-Q maximum delay. Assuming th&YNC is a
direct flip-flop output in théRCLK domain, this is delay from tHeCLK
edge untilSYNC is asserted.

tsg Maximum delay fron® toQ in theS-R latch in Figure 8-106. This is the
delay forNEWBYTE to be asserted.
tsy Setup time oFF1 in Figure 8-106 NEWBYTE must be asserted at or
before the setup time to guarantee detection.
tscLk OneSCLK period. Sinc&RCLK andSCLK are asynchronous, there may
be a delay of up to or&CLK period before the neCLK edge comes
along to sampl&IEWBYTE.
tsck After NEWBYTE is detected byF1, SLOAD is asserted on the next
SCLK tick.

tsc Lk After SLOAD is assertedSBYTE is loaded intSREG on the nex8CLK
tick.

Thus,tmaxd= 3scik +tcg +tsg* tsu—treik - A few other parameters must be
defined to complete the analysis:

t, The hold time oBREG.

tcominy The minimumCLK-to-Q delay of HREG, conservatively assumed to
be 0.

trec The recovery time of th®-R latch, the minimum time allowed between
negatingS and negatingR (see box on page 441).

To be loaded successfully ifBREG, SBYTE must be remain valid until at
least timety,4+ t;,. The point at whicl8BYTE changes and becomes invalid is
8 RCLK periods aftetgyy, plustcominy Thus, for proper circuit operation we
must have

tend * th = tstart + Blreik
For the maximum-delay case, we substityig = tsiart + tmaxg INtO this relation
and subtradl,from both sides to obtain
tmaxd th < 8trcLk
Substituting the value df,,.qand rearranging, we obtain
AtscrLk +icg T Isg t sy + th S Hrerk (8-1)

as the requirement for correct circuit operation. Too bad. Even i§suaree very
short component delay$c, tso, tsy th), we know that B¢ (90 ns) plus
anything is going to be more thaty8, ¢ (also 90 ns). So this design will never
work properly in the maximum-delay case.

Even if the load-delay analysis gave a good result, we would still have to
consider the requirements for proper operation ofS8€RL circuit itself. In
particular, we must ensure that when $Y&\NC pulse for the next byte occurs, it
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is not negated until timig,. afterSLOAD for the previous byte was negated. So,
another condition for proper operation is

tend + tCQ + trec = tstart"' 8tRCLK + tCQ(min)

Substituting and simplifying as before, we get another requirement that isn’t met
by our design:
Btscik + Acq ttsqt syt trec S treLk (8-2)

There are several ways that we can modify our design to satisfy the worst-
case timing requirements. Early in our discussion, we noted that we “cheated”
by assertinggYNC oneRCLK period before the data HREG is valid, and that
we actually might get away with assert®gNC even soon. Doing this can help
us meet the maximum delay requirement, because it reducegghec8term
on the right-hand side of the relations. For example, if we asseyted two
RCLK periods earlier, we would reduce this term tty 6 «". However, there’s
no freelunch, we can’'t asseB8YNC arbitrarily early. We must also consider a
minimum delaycase, to ensure that the new byte is actually availabi®@ HG
whenSBYTE is loaded int&SREG. The minimum delay, xq betweertg,rand
tengiS the sum of the following components:

—itrc kMinusn RCLK periods, the delay fromy.,,:back to the edge on which
SYNC was asserted. In the original desigr, 1.
tco(miny This is the minimum delay from tHRCLK edge untiSYNC is asserted,
conservatively assumed to be 0.
tsg This is the delay foNEWBYTE to be asserted, again assumed to be 0.
—t, Minus the hold time of~F1 in Figure 8-106.NEWBYTE might be
asserted at the end of the hold time and still be detected.
Otsc k Zero times thesCLK period. We might get “lucky” and have tB€LK
edge come along just as the hold tim&®f is ending.
tscik A oneSCLK-period delay to assertirgl OAD, as before.
tscLk A one-SCLK-period delay to loadin§BYTE into SREG, as before.

In other Wordstmind = ZSCLK _th - ntRCLK .
For this case, we must ensure that the new byte has propagated to the
output ofHREG when the setup time window 8REG begins, so we must have

tend _tsu = tstart"' t

wheret;, is the maximum clock-to-output delay BREG. Substitutingteng =
tstart T tming @Nd subtractingk,from both sides, we get

CcO?

tmind w tsu 2 tco-
Substituting the value df,,q and rearranging, we get the final requirement,
2tscrLk —th —tsu—teo 2 NtreLk (8-3)
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If, for examplept,, ts,, andt,, are 10 ns each, the maximum value o 3; we

can’'t generat&SYNC more than two clock ticks before its original position in
Figure 8-108. This may or may not be enough to solve the maximum-delay
problem, depending on other delay values; this is explored for a particular set of
components in Exercise 8.76.

Moving theSYNC pulse earlier may not give enough delay improvement
or may not be an available option in some systems. An alternative solution that
can always be made to work is to increasing the time between swecdata
transfers from one clock domain to the other. We can always do this because we
can always transfer more bits pgrnchronization. In the Ethernet-interface
example, we could collect 16 bits at a time inR@LK domain and transfer 16
bits at a time to th&CLK domain. This changes the previously stateg &
terms to 16¢ k, providing a lot more margin for the maximum-delay timing
requirements. Once 16 bits have been transfemtedheSCLK domain, we can
still break them into two 8-bit chunks if we need to process the data a byte at a
time.

It may also be possible to improve performance by modifying the design of
the SCTRL circuit. Figure 8-111 shows a version wh&igOAD is generated
directly by the flip-flop that sample$SEWBYTE. In this way,SLOAD appears
oneSCLK period sooner than in our origif@CTRL circuit. Also, the S-R latch
is cleared sooner. This circuit works only if a couple of key assumpatrerisue:

1. A reduced metastability resolution time feff1 is acceptable, equal to the
time thatSCLK is HIGH. Metastability must be resolved bef@€LK goes
LOW, because that’s when tBeR latch gets cleared 8LOAD is HIGH.

2. The setup time 0BREG’s CLKEN input (Figure 8-102) is less than or
equal to the time tha&CLK is LOW. Under the previous assumption, the
SLOAD signal applied t&CLKEN might be metastable uniCLK goes
LOW.

3. The time thalSCLK is LOW is long enough to generate a reset pulse on
RNEW that meets the minimum pulse-width requirement ofStelatch.

Note that these behaviors makes proper circuit operation dependent on the duty
cycle of SCLK. If SCLK is relatively slow and its duty cycle is close to 50%, this
circuit generally works fine. But iSCLK is too fast or has a very small, very
large, or unpredictable duty cycle, the original circuit approach must be used.

NEWBYTE
SYNC S Q D Q SLOAD

SCLK
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All of these synchronization schemes require the clock frequencies to be
within a certain range of each other for proper circuit operation. This must be
considered for testing, where the clocks are usually run slower, and for upgrades,
where one or both clocks may run faster. For example, in the Ethernet interface
example, we wouldn’t change the frequency of standard 100-Mbps Ethernet, but
we might upgrade the PCI bus from 33 to 66 MHz.

The problems caused by clock frequency changes can be subtle. To get a
better handle on what can go wrong, it's useful to consider how a synchronizer
works (or doesn’t work!) if one clock frequency changes by a factor of 10 or
more.

For example what happens to the synctrentimng in Figure 8-107 if
we changé&kCLK from 100 MHz to 10 MHz? At first glance, it would seem that
all is well, since a byte now arrives only once every 800 ns, giving much more
time for the byte to be transferrado theSCLK domain. Certainly, Eqn. 8-1 on
page 681 and Eqn. 8-2 on page 682 are satisfied with much more margin.
However, Eqgn. 8-3 is no longer satisfied unless we reduceero! This could
be accomplished by generatifyNC oneRCLK tick later than is shown in
Figure 8-107.

But even with this change, therssll a problem. Figure 8-110 shows the
new timing, including the late&3YNC pulse. The problem is that tB&NC pulse
is now 100 ns long. As befor&dlEWBYTE (the output of thes-R latch in

Figure 8-110 Synchronizer timing with slow (10 MHz) RCLK.
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SCLK

Figure 8-106 on page 678) is set BYNC and is cleared byLOAD. The
problem is that wheBLOAD goes awaySYNC is still asserted, as shown in the
new timing diagram. Thus, the new byte will be detected and traedfevice!

The solution to the problem is to detect only the leading edg¥®€, so
that the circuit is not sensitive to the length of #¥&\IC pulse. A common way
of doing this is to replace th&R latch with an edge-triggered flip-flop, as
shown in Figure 8-111. The leading edgeSXfNC sets the flip-flop, while
SLOAD is used as an asynchronous clear as before.

The circuit in Figure 8-111 solves the sI®GLK problem, but it also
changes the derivation of Eqns. 8-1 through 8-3 and may make timing more
constrained in some areas (see Exercise 8.77). Anditadvantage that this
circuit cannot be realized in a typical PLD, which has all flip-flops controlled by
the same clock; instead, a discrete flip-flopsibe used to deteS¥NC.

After reading almost 10 pages to analyze just one “simple” example, you
should have a strong appreciation of the difficulty of correct synchronization-
circuit design. Several guidelines can help you:

* Minimize the number of different clock domains in a system.

» Clearly identify all clock boundaries and provide clearly identified
synchronizers at those boundaries.

» Provide sufficient metastability resolution time for each synchronizer so
that synchronizer failure is rare, much more unlikely than other hardware
failures.

* Analyze synchronizer behavior over a range of timing scenarios, including
faster and slower clocks that might be applied as a result of system testing
or upgrades.

* Simulate system behavior over a wide range of timing scenarios as well.

The last guideline above is a catch-all for modern digital designers, who
usually rely on sophisticated, high-speed logic simulators to find their bugs. But
it's not a substitute for following the first four guidelines. Ignoring them can lead
to problems that cannot be detected by a typical, small number of simulation
scenarios. Of all digital circuits, synchronizers are the ones for which it's most
important to be “correct by dgn”!
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