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PHASE LOCKED LOOP USING
DELAY COMPENSATION TECHNIQUES

FIELD OF THE INVENTION

The present invention relates to phase locked loop topology including and more
particularly the phase locked loop technology for compensating for the effects of loop

latency in a read channel.

BACKGROUND OF THE INVENTION

The design of phase locked loops for hard disk drives (HDD) data recovery has
been used by implementing decision directed algorithms to adjust the frequency and
phase of the recovered clock in order to optimize the sampling instants (timing instants)
of the received signals. These algorithms which, by their very nature, depend on a
reliable estimate {decision) of the current sample, have grown in complexity as the read
channe] signal processing has moved to higher partial response polynomials. One way
of obtaining reliable phase error estimates relies on obtaining decision (binning)
information from the Viterbi detector. Because of the complexity associated with this
block, these topologies are characterized by latencies, usually symbolized by the term
mD, which can be easily in excess of 20 clock cycles. Figure 1 illustrates one such

circuit.

The excessive latency greatly reduces the region in which the PLL is stable. As
an example, Figures 2 and 3 show how one such region varies as the latency increases
from one clock cycle (ideal) to 19 clock cycles {representative of a medium latency
digital PLL). In practical terms, besides an increase in the complexity of the system
model, the larger the latency, relative to the time scale of the dynamics of the process,
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the loop gain reduction needs to be larger. Under most circumstances, this causes

poor performance and sluggish response within the PLL.

Loop latency also has a significant impact on the design of the time base

s  generator, which is a circuit that generates the reference clock for the PLL.

Thus, there has been a need for topology which decouples the clock recovery
circuit performance from the loop latency while maintaining reiiabiﬁty in the phase
detection process.
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SUMMARY OF THE INVENTION

The present invention provides a circuit that eliminates the latency associated
with external delays. A feedback loop is provided to eliminate these delays. The
present invention provides a zero steady state error in the presence of offsets between

the frequency of the input signal and the frequency of the reference clock.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a PLL circuit;

Figure 2 illustrates a stability region as a function of latency;

Figure 3 illustrates another stability region as a function of latency;
Figure 4 illustrates a circuit diagram of the present invention;

Figure 5 illustrates another circuit diagram of the present invention;
Figure 6 illustrates another circuit diagram of the present invention;
Figure 7 illustrates another circuit diagram of the present invention;
Figure 8 illustrates another circuit diagram of the present invention;
Figure 9 itlustrates another circuit diagram of the present invention;
Figure 10 illustrates another circuit diagram of the present invention;
Figure 11 illustrates another circuit diagram of the present invention;
Figure 12 illustrates a stability. region as a function of latency;

Figure 13 shows another stability region as a function of {atency;

Figure 14 shows another'stability region as a function of latency;
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Figure 15 shows comparisons of the system dynamics in response to a phase
step;
Figure 16 shows comparisons of the system dynamics in response to a
s frequency step;
Figure 17 shows comparisons of the system dynamics in response to a
frequency ramp;
10 Figure 18 shows graphs of the present invention;

Figure 19 is a side view of a disk drive system; and

Figure 20 is a top view of a disk drive system.

IS
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DETAILED DESCRIPTION OF THE PRESENT INVENTION

The following invention is described with reference to figures in which similar or
the same numbers represent the same or similar elements. While the invention is
described in terms for achieving the invention's objectives, it can be appreciated by
those skilled in the art that variations may be accomplished in view of these teachings
without deviation from the spirit or scope of the invention.

Figures 19 and 20 show a side and top view, respectively, of the disk drive
system designated by the general reference 100 within an enclosure 110. The disk
drive system 100 includes a plurality of stacked magnetic recording disks 112 mounted
to a spindle 114. The disks 112 may be conventional particulate or thin film recording
disk or, in other embodiments, they may be liquid-bearing disks. The spindle 114 is
attached to a spindle motor 116 which rotates the spindle 114 and disks 112. A chassis
120 is connected to the enclosure 110, providing stable mechanical support for the disk
drive system. The spindle motor 116 and the actuator shaft 130 are attached to the
chassis 120. A hub assembly 132 rotates about the actuator shaft 130 and supports a
plurality of actuator arms 134. The stack of actuator arms 134 is sometimes referred to

as a "comb.” A rotary voice coil motor 140 is attached o chassis 120-and toa rear
portion of the actuator arms 134.

A plurality of head suspension assemblies 150 are attached to the actuator arms
134. A plurality of inductive transducer heads 152 are attached respectively to the
suspension assemblies 150, each head 152 including at least one inductive write
element. |n addition thereto, each head 152 may also include an inductive read
element or a MR {magneto-resistive) read element. The heads 152 are positioned
proximate to the disks 112 by the suspension assemblies 150 so that during operation,
the heads are in electromagnetic communication with the disks 112. The rotary voice
coil motor 140 rotates the actuator arms 134 about the actuator shaft 130 in order to

move the head suspension assemblies 150 to the desired radial position on disks 112.
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A controller unit 160 provides overall control to the disk drive system 100,
including rotation control of the disks 112 and position control of the heads 152. The
controller unit 160 typically includes (not shown) a central processing unit (CPU), a
memory unit and other digital circuitry, although it should be apparent that these
aspet;ts could also be enabled as hardware logic by one skilled in the computer arts.
Controller unit 160 is connected to the actuator control/drive unit 166 which is in turn
connected to the rotary voice coil motor 140. A host system 180, typically a computer
system or personal computer (PC), is connected to the controller unit 160. The host
system 180 may send digital data to the controller unit 160 to be stored on the disks, or
it may request that digital data at a specified location be read from the disks 112 and
sent back to the host system 180. A read/write channel 190 is coupled to receive and
condition read and write signals generated by the controller unit 160 and communicate
them to an arm electronics (AE) unit shown generally at 192 through a cut-away portion
of the voice coill motor 140. The AE unit 192 includes a printed circuit board 193, or a
flexible carrier, mounted on the actuator arms 134 or in close proximity thereto, and an
AE module 194 mounted on the printed circuit board 193 or carrier that comprises
circuitry preferably implemented in an integrated circuit (IC) chip including read drivers,
write drivers, and associated control circuitry. The AE module 194 is coupled via
connections in the printed circuit board to the read/write channel 190 and also to each
read head and each write head ini the plurality of heads 152. The readfwrite channel

190 includes the PLL circuit of the present invention.

The present invention cancels the effects that latency has on the timing loop of a
PLL circuit and is based upon the concept that every time the PLL Vco phase is
updated, it obeys the following equation (Figure 1):

PVCO, = PVCOL 1+ 15_11Updaten,1

(M
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On the other side, by definition of the phase error, Equation (2) follows.

pexrr, = 6ing ;- 6VCOn1 = Bin, - gveo, o

)

One can compute exactly the amount by which the phase error would have to be
reduced as a consequence of the update in the Vco phase. One way to eliminate the
effects of latency is to remove the correction for latency from the next phase error term.
This can be done by feeding back the Vco phase information and subtracting it from the’
phase error. We will call the results of this operation the delay compensated phase

error which is defined by Equation (3).

Ap = QPOYT, 1 — @VCOn1 = 6ingg — PVCOy g.a —~ PVCO, 1

(3)

and has three distinct components as illustrated in Equation (3a).

én,_, input related phase changes
gveo, ..., delayed vco phase term (3a)
pveo, delay compensation term

Equation (3) implies that the PLL loop would process the same correction twice,

once at time index n-1 and once at time index n-m-2. Since this is not desirable, it is

more desirable to eliminate the gveo,_,_, term. This operation can be accomplished by

redifining A as illustrated in Equation (4).

-_—
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The implementation of this concept is shown in Figure 4. @, is input to adder
circuit 402. Additionally, évco is input to the negative input of adder circuit 402. The
output signal ¢ of adder circuit 402 is input to adder circuit 404. In addition, signal yw

is input to adder circuit 404. Output from adder circuit 404 is the signal 4 which is input

_ both to multiplier 406 and muitiplier 408. The muitiplier 406 amplifies 1 by « and is

output to adder circuit 410. The multiplier circuit 408 multiplies 2 by p and outputs pi
to the adder circuit 412. The output of adder circuit 412 is delayed by delay circuit 414
and input to adder circuit 412. The output of adder circuit 412 is additionally input to
adder circuit 410. The output of adder cifcuit 410 is signal phUpdate, , and input to
adder circuit 416. The output of adder circuit 416 is gvco which is input to delay circuit
418. The output of delay circuit 418 is input to adder circuit 416. The output of adder
circuit 416 gveo is input both to adder circuit 420 and delay circuit 422. The delay
circuit 422 represents the delay associated with the sampling (A/D), equalization (FIR)
and phase detector circuits. The output of delay circuit 422 is input to adder circuit 420
and also as Gveo to adder circuit 402. The output of adder circuit 420 yy is input to
adder circuit 404,

The proportional branch 432 includes multiplier 406, and the integral branch 434
includes multiplier 408, adder 412 and delay 414. Adder 412 in conjunction with delay
414 is also an integral accumulator. The Vco accumulator 436 includes adder 416 and
delay 418. The Pll filter 430 includes the porportional branch 432 and the integral
branch 434.

This topology accomplishes the stated advantage of making the performance of
the overall timing loop strongly decoupled from m, depending solely on the delay
associated with the loop filter, the Vco accumulator and the detay compensation loop.

With reference to Figure 4, we can write the delay compensated phase error signal 4,

in Equation (5).
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Ao = QerTh i =¥t

PR G SRR 7 D B (=

®)

Here, ¢, is the phase error, y, is the delay compensation feedback. The delay
compensation gain y is a parameter which allows to turn on and turn off the effects of

the delay compensating network. Since &co is the delayed version of gveo, we can

write Equation {6):

(6)

where m is the portion of the overall loop latency due to the sampling network (e.g.
A/D), equalization circuits (e.g. FIR) and phase detector (inclusive of Viterbi processing
latency) of the read channel 190. 8&vco is the phase of the sampling clock. The
fundamental Vco update equation is shown in Equation (7):

PyCEy = @vCon: + DhUDdAtE.:; .

(N
Combining (6) and (7) leads to Equation {8):
8)
9
Combining (8) and (9) yields Equation (10):
10
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6oy, - 2 BVCOyy + OVCOn 2 = & { Anma — ll'A--m-t)" + P Anomed

(10)
and substituting (5) into (10) yields Equation (11):
a ((elnn-m-s "-"‘Ym-on-m-s.) = (.evcon-m--‘i = ¥s QV i " .
(elnn—m-S‘ wicon.n.s) * (evcon-m-s =¥ evcon.m-s)) o
p ( (elnn—m—s - YWcon-n-S) = (evcon"lﬂ—ﬁ - Y evcon-m-ﬁ _) o _: - . (1 1)

This provides a baseline for comparison with the present invention. We discuss the
uncompensated case for which y =0,

Open Loop Gain
From Equations (5) and (10) we obtain Equation {12):

©VCo, - 2:8VCOid + B¥Con2 = A (WerTy g i

;5:=}*t-'+ P QST nie

i (12)

Taking the z-transform of (12), we obtain an open loop transfer function in Equation
(13):

M T ) g T
vl = -'2_‘2,"_:1:_'} iz o

o1

(13)

As expected, the open loop transfer functions contain a z™ factor associated with loop

latency.

Closed Loop Gain

11
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The closed loop transfer function can be obtained directly from Equation (11) which, for
v =0, simplifies to Equation (14):

9vcon-28v,con-1&-8vc0n—z— R T e
o ((Glnn-m-s - 9VC0n-m~s) - (elnn—ws -chn-m-s)) * D (emn-m-s -—evcon_mus) (14)

Equation (14) can be manipulated to yield Equation (15):

fgewon_z +a (evdon_m_s - aEv R

9"‘:6“ 29V¢°n-..' > _n-m-s) * psvcon—n-s —'.
e:'nnrn—s) + ﬂ"elnn-m-.:., T S

“ (elnn—-n-s .'

(15)

Taking the z-transform of (15), the following closed loop transfer function in Equation
{16) is obtained:

-( 1+z)a+p+( 1+z) .
(16)

This equation clearly indicates the transfer function dependency on the loop latency m.
in particu!af, the stability of the system, i.e. the locations of the closed loop poles,
depends on m.

The compensated system, y =1 is now discussed.

Closed Loop Gain

The derivation of the closed loop transfer function is discussed. In this case, since
v =1, Equation (11) simplifies to Equation (17):

12
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evco,, 26vcc.,.1 + evcon_, =" &

(17)
9vconr 2 evcon_.1 * evcon_z oy (evcon_s = evcon,.q'i‘. ‘pevco,,:5= - : '

& By Oirions) ¥ P S0y N R S T
Taking the z-transform of Equation (18), we can obtain the following closed loop
transfer function, expressed by Equation (19):

Cigaim 7 R

e S a(zs e z,s) +-p 6 :

Z. 1 - 2 z3 4-"__ .'_2"+ a (t‘s R z‘s) + pz*s .- P (19)

Note that the term z™ can be factored out indicating that, apart from a delay term, the

closed loop transfer function is equivalent to Equation (20):

Cho LT oL (20)

Consequently, the equation is not dependent on loop faiency m, but is only dependent
on the latency of the inner loop, which is essentially the latency of the loop filter 432
and the Vco accumulator 436. In other words, the circuit of Figure 4 is mathematically
equivalent to the circuit of Figure 5, and all stability considerations should be concerned
solely with Equation (20). 1n Figure 5, the output of adder 416 is connected directly to
adder 404,

Open Loop Gain

13 -
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The open loop transfer function can be computed directly from Equation (10) which,

considering (5) and (6) can be rewritten as Equation (21):
PVCOpp = 2 YUCOp n-1 + PVCOLm2 = A ( OiNgis ~ Oilnm-s) + POLNY 5 g (21)
The z transform, Equation (22), is obtained as follows:

o ezt ozt eprt _ (-lezyasp
OlGain, = 1 -2zt 22 T o(-lez)%zt (22)

which differs from Equation (13) because the delay term z™ (the loop latency) is now
absent.

Steady state error

The steady state errors to some common inputs, for example the steady state errorto a

phase step 7, is given by Equation (23):

. nz. o {(-1l+z) a+p o
lz}»lln((z'-l)(z—l)(l z (-1+z) ((-1+2) z‘+a)-+p'))—0 (23)
The steady state error to a frequency step w, is given by Equation (24):

) . woz N q_ . am_ <1+2) a+p. . Y
o (‘_z b ( (z-1)? ) (1 T Ir e (LD D) 10 )-) S (24)

Equation (24) leads us to a limitation of the present scheme, as shown in Figure 4, that
the steady state error due to a frequency step is non-zero and depends on the latency

of the loop m. The reason becomes apparent when Equation (5) is rewritten for y =1

14
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and uses the relationship between 6veco and gveo shown in Equation (6) to obtain
Equation (25):

Aom = (Oingm2 - PVCO4n2) = (OlDgmz - 6% cf)n-z) (25)

Since A plays the role of system error signal, Equation (25} indicates that the feedback
foop as shown in Figure 5 is aligning the current phase of the Vco to the phase of the
input signal m clock cycles earlier. Equation {24) is then the result. _

Although the scheme of Figure 4 is a solution to our stated problem in the presence of a
phase step input, improvement can be achieved in practical cases where uncertainties

in the frequency of the input signal make that assumption unnecessarily restrictive.
If we expand the eterm 1-ClGain in Equation (24), we obtain Equation (26):

(-1+2)2 28+ (- 1ez) +p- z™{ (- 1+z)a+p)
{(~1+z) ((-1+z)z8+c) +p ~
(~1+z)2zb s+ (-1+2) (L~ 2B} +p (1~ 2™
(-1+2z) {({(~1+2)zt+q) +p

(26)

it is noted that the numerator of Equation (26) has to go to zero faster than (z-1) for the
limit in Equation (24} to yield zero. For this to happen, the coefficient of the integral
gain p in the numerator must be either 0 or contain a (z-1) term. When either condition

is met, the system should be able to track a frequency step with zero steady state error.

Next, two examples will be illustrated, startihg from the topology of Figure 4, evolving to
a configuration capable of processing uncertainties in the frequency of the input signal.
As illustrated in Figure 6, and rewriting Equation (10}, Equation (27) is achieved.

evcog ~ 2 echﬂ;l + 9vco¥.2'= a ( Anomea-— A,H,_:{-) 4 P PerTanms. -

(27)

15
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Equation (27) reflects the fact that the integral path is being driven by gerr (scheme A).
Next, the open loop gain is illustrated.

Open Loop Gain

From Equation (27) we obtain Equation (27a) expressing 1 in terms of perr.

&veco, —26vco,_, +6vco, , =
a(gperrn-m-ot - '//n-vm-d - (perrn-m-.f + y/a-—m-s) + p gDerrn—-m-S =
a(¢err a-m-q Wrrn-m—s ) +
p Wr rn-m—s - a(wcon—m—s - evcon-m-s - @}CO,,_M_6 + gvcon—m-S) =
a(g’errn—m—ll- - Wrrn-m—s) + p ¢err -5
a(bvco, s —bvco, , s —bvco, , + o, ., ) (27a)

Equation (27a) yields the open loop transfer function in the z-domain, expressed as
Equation (28):

o
AR ECTRZ) 2hea))-

(28)

Closed Loop Gain

Equation (27} in view of Equation (11) is transformed to Equation (29):

16
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The closed loop transfer function in the z-domain is illustrated in Equation (30).

(30)

5 If we compare Equation (30} to the one obtained for the topology of Figure 4, Equation
(19), the term ™ can no longer be factored out. The consequence of this is that the
loop latency will be only partially compensated, but the system will deal with the

frequency uncertainties as discussed above.

10 Steady state error

The error gain is illustrated in Equation {31):

e

1-—C1Ga1nzo Bk o g e e e (31)
15
Equation (31) is no longer dependent on p in the numerator. The steady state error in
response to a phase step is defined by Equation (32):
(32)
20
" The steady state error to a frequency step o, is Equation (33):
i1 cdo 22 (-l eEpEEatmes gt Ja s gy | _' 04' o
> ((z ) 1)2 L Ty R (33)

17
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To gain an understanding of the loop operation, the loop operation in response to a
frequency step is examined. Assume that the system has settled and the PLL is
locked. At each clock cycle phUpdate must increment gvco by A=6in,_ —6in,,
However, because the loop is locked, gerr =0, which implies Equation {33a):

Zn = —'Wn-l = -(@VCOH_Z - evcon-m-z) =-m A (333)

and the integral path accumulator settles to (1+am)A.

Finally, the steady state error to a frequency ramp of slope 4 is Equation (34):

Az (z+1) V- (“i+z) (-z"iESmogigta) ) L (Lt ma)
[<z Y [2 (z-1)° ) Z‘t“~2-z5+¥*‘+-zﬁ*’2—__Zi?'a;+21*_-"..-br+p-] AT (34)

Steady state error in presence of delay mismatches

Delay compensation approach includes removing the phase correction due to the vco
phase update of time index n-m-2 as illustrated in Equation (4) and replacing it with the
correction due to the phase update of time index n-2. As a consequence of delay
mismatches, the c_ancetlation may not be complete. For example, where m is the sum
of twa terms, a term associated with an analog delay and a term associated with a
digital delay. The first term will, in general, pose a problem because it is not a well-
defined multiple of the clock period due to its depeqdency on process and operating

conditions.

In Figure 7, the delay mismatch has been introduced through the parameter § and
Equation (27) becomes Equation (35):

18
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Svco, ~ 2 9vco,,-1 + 6YyCopn.z = .
a { {6ing.ps5 - OVCOnms ~ PVCOLp 56+ evcon.m.s.a) - (6inpa.s -
OVCOpm§ — PVCOn pn g5+ evcon-m-ﬁ-i-s)) + p (Bing.p.s —~ OVCOnp-g) (35)
The closed loop becomes Equation (36):
("“(a (z% - z%) +pz"‘))/(].-Zz"'d-z’l _
~m-5. ~5-0 -w.-5-5 - -m-6 -6—6 65 ~m~6 :

5 o ({z +z -z Y= (2™t 202 ))+,ozm ) (36)
Equation (36) reduces to Equation {30) when & =.0. The error gain becomes Equation
(37) '

(( 1+z) ( z(+m~1—6+25+m+6 a+zZ®a)) / )
(z‘*“"“ 2 zs""““s £250 L g oA T a0y 2 o +z° p)
10 . : (37)
The steady state error in response to a phase step is Equation (38):
. . Nz
tin((=-1) 715 el o
- Al 4z} (=gt g Saned gy gl oo K
z‘_ﬂ'ﬂ‘d -2 .zS+m+6 + zs'.ﬂni-é X~ Z _':zlll o + rzl’blla _'._-.26. a’.*.- zl+6 a4 25 p. ) - (38)
15
while the steady state error to a frequency step o, is Equation (39):
s Yo T
’ ( 1% z) (_zt+m+6+25+m+§_a+zma) T, } -0
zt+m+6 2 zs+l‘n+6 + z‘#!ﬂ-& A= z a - zll a+ zI-l»m a 26 a + z1+6 a + 26 p (39)
20

Finally, the steady state error to a frequency ramp of slope 4 is Equation (40):

19
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nm((z_l) (Aﬂﬁl_g_}
=1 2 (z-1)
(~1+3z) (-z4mo Z5mt8 oy o a) B
Z44mtl D Z5med § Z6emtb p p z ot - ZM X + zlﬂlla_qu,’.zlf&a.,.sz
A {(L+ ma)
P

(40)

Thus, we can conclude that the steady state system behavior is insensitive to delay

compensation mismatches.

By forcing the delay compensated phase error term to zero, the scheme of Figure 4, in
the presence of a frequency step, has a non zero steady state error. The concept of
this second scheme lies in trying to compensate for this steady state error by feeding
back an estimate of this frequency step. Such an estimate can be based on the content
of the frequency accumulator, f,., with an appropriate scaling . A block diagram of

such a system is illustrated in Figure 8 (scheme B).

In Figure 8, a muitiplier 802 is added from the output of adder 412 to the summation
circuit 404. To obtain an expression for the closed loop gain, Equations 41, 42 and 43
apply:

a' = (‘bVCOn.I. —_'_'9:‘{0(.)“.{ = Wchon—l = Wcon—m—!. . '."_.i )

(41)

(42)

’n..‘_'."fn—z.-.:.'l{ (ferrn-z - ferrn-z) '_"-L'.’u 5,;%:5%’-_.

(43)

These equations, together with Equations (6) and (10), allow Equations (44), (45) and
(46) in the z-domain:

20
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Q = §vco (z'1 - z""'l)

(44)
Lebue T (45)
et @(Z=1) + 0
GVCO :‘Az ‘1-22-1.,.2'3 S (46)
Combining these Equations (44), (45) and (46), we obtain Equation (47):
e @ E=1)kp e
bveo = T s @erns -
g, X (ZE1Y P
e 1“..‘2.2-,.3 : Ly ot L
R i -n-—. .4 S e
@"°° uo 1zzv1 £ _z. & 10('—{2252-.1)_: zp~2 ev°°~(- (47)
(48)
which reduces to (19) when # =0.
Open loop gain
The open loop gain is shown in Equation 49.
S : (z=1) a*p. . .
Omalézf- z® (- a+p+2((z 1)"z3 upz+a+up))-((z 15a+p) (49)
Steady state error
21
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The error gain is shown in Equation (50):

z® ((=L+Z)a%p) ¥ s
~a+p+z ({-1+3z)? Z3+AKUP-UZP) ©

1 -ClGaing =1-
- . (50)

W

The steady state error in response to a phase step is shown in Equation (51):

la.m[(z 1) nz {1_. . z* {((-L+z)a+pF = |, - .]__.“:0

T U Cavpra((-ien)? @ varip-pzoy | (51)

10 while the steady state error to a frequency step is Equation (52):

wo'z . -
(z-1)% [ ek pr z (-1 +2)? sida s dp s iz D)

llm((z l) .

T ({-1+Zya+p)’ )}

which vanishes form = x.
15

The steady state error to a frequency ramp of slope 4 is Equation (53):

Az (z+1) _ C oz ((-liz) a+p) _
hm((z b (2'(2 1)* )(1 —a+p+z ((- 1+,2_)zz-3+a+up-uzp)]) B

'. A(-2-2ma+3mp+m’p) Am (3+ m) _A(l+maq)
2p : 2 P (563)

20  Figure 9 shows a modified version of the block diagram in Figure 1. Figure 9 illustrates
a split latency m in two terms j and k, delay backs 902 and 904. The first one, delay
back 904, represents the delay from the time the input signal is sampled to the time the
corresponding phase error is computed and outputted from the phase detector. The
second term k, delay back 902, represents the time that elapses between a Vco phase

25 update and the time the sampling position moves accordingly.

.22
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Figure 10 shows the corresponding delay compensated version (scheme A). In this
case, the closed loop transfer function is given by Equation (19) with m = j = k and that,

as a consequence, the results derived for scheme A apply to Figure 12,

S By inspection, we can obtain Equations (54), (55) and (56):
8veo, = Wco,,’.’k' (54)
10 ©VCOn = 8vcony + phlpdate, yq (55)
o= @erT, 3~ Y¥n1 = (Oingg s~ 9VC°n—j-2) -y (WCOn—z - QVCOh3.x-2) =
(0Pnesoz = ¥ $VCOn2) = 6YCGags (1 = ¥) (56)

Equation (48) is similar to Equation (8) except for an index change. Consequently,
15 Equation (57} is illustrated:

6veo, = 28veoyy + BVCopg = & { Agek-3— An-k-4) + O Ankes

(67)
Using the new definition for A given in Equation (49), we have Equation {58):
20
o ((G.lnn.j—k-s - Y(PVCOﬂ-k_s) ~ BVCOn-jte-5" (1- Y)) =
@ {{6ing_jic-5 — Y OVCOR 5), - 8VCOL 5 {1~ ¥ ~ (elnn-s-k-s- YGVCOn-s) +
GVCO,;_}.k_s {(1- Y)) + p. ((elnn—j—k-s = Yevcon-s) "eVCOn-;-k—s (1- Y) = (58)

a((fn, ;.. y9vco,, sy—6co, ., s(1—7)—(bin, ;¢ —yco, o)+
Ovco, ;4 s(L=¥ N+ p((6in, ;¢ —yco, s} —bco, ;. s(1~7))

25 For y =0, which is for the uncompensated case, Equation (51) reduces to Equation
(69):

23
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&vco, - 2 8VCog.g + BVCOn = . P T
& ({Binp -5 - OVCOujk-5} — (6inn yx-¢ - Oveoa-gx-6)) + .
p {6innj k-5 - EVCOn3x-6) -

(59)
which is identical to Equation (14) for j + k =m. For y =0, which is for the
compensated case (scheme A), Equation (51) reduces to Equation (60):

BvCo, — 2 8VCOop-1 + BVCOqy3 = :
a ((elnn-?~k-s Oveogss) — {0ing.5x.s - 9VCOn-s)) +p (ann-j«-s - Bveong) (60)

Likewise, it can be demonstrated that the topology of Figure 11 is equivalent to the one
presented in Figure 8 (scheme B}.

The advantages associated with decoupling the PLL behavior from the loop
latency can be summarized as follows. First, it is possible to introduce pipelining in the
design of the sampling network (e.g. ADC} equalization circuits (e.g. finite impulse
response filters) and decision directed phase detector of the read channel. This will

ease the design of these critical components without degrading the performance of the
PLL.

The present invention increases the system stability region. Because the
stability region is significantly larger than in the uncompensated case, the tracking

optimization is improved.

Figure 12 shows the stability region for an uncompensated systerﬁ with m = 10.
This contour plot has been generated by compiling, for a given « and p, the poles of
Equation (16) and reporting the magnitude of the pole further from the origin. Clearly,
those settings for which such value is < 1 will correspond to stable operating points.

For the purpose of this analysis, the ranges of the loop parameters p (x-axis) and «
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(y-axis) have been adjusted to maximize the operating region, which is the region in

which the system is stable.

Figures 13 and 14 show the stability region when using the topologies presented
in Figures 6 and 7. When compared to Figure 12, it can be concluded that the stability
region has increased by a factor of 20.

The dynamic characteristics of the system are greatly improved with respectto -
the uncompensated case. In particular, the residual steady state error in response to a
frequency ramp is largely reduced because the system effective delay has been greatly
reduced. Figures 15-17 show a comparison of the dynamics of the system to a phase
step, a 1% frequency step and a frequency ramp, respectively. As in the previous
case, the simulations were performed assuming m = 30.

The loop bandwidth is no longer limited by the loop latency and can be optimized
on the basis of input noise and reference clock noise characteristics. In particular, in
situations where the reference clock is noisy, the compensated topology presents a
clear advantage, as illustrated in Figure 18. One can observe that the latency, by which
the control action in response to noise on the reference clock is limited, is effectively

canceled or significantly reduced by the compensated topology.
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CLAIMS

1. A phase locked loop circuit for eliminating loop latency, comprising:

an input circuit for inputting a phase signal corresponding to phase changes and
an actual phase signal corresponding to actual phase sampling of a sampling clock;

a filter circuit for connecting said phase signal and said actual phase signalto a
phase update signal; and

a feedback circuit to eliminate said loop latency by feeding back to said filter-

circuit a portion of said phase update signal.
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