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Fig. 5. Fully differential supply regulated tuning.

Fig. 6. Fully differential buffer.

Fig. 7. Two-input-pair fully differential buffer opamp with large input

In this work, rather than regulating the positive supply anccf)mmon'm()de range.

relying on a large capacitor to couple the positive and nega-

tive supplies, both supplies are included in the regulation loop.

This can be achieved by using the difference between positive

and negative delay cell supplies as a differential control voltage

as shown in Fig. 5. A much smaller decoupling capacitor is

included to reduce noise not attenuated by the imperfect reg-

ulation loop and for stability of the regulation loop (see the

Appendix for details). Fully differential tuning also accommo-

dates a fully differential charge pump and ldaper which iso-

lates those blocks from supply noise. Another b#rie that

the need for a low-to-high-swing converter is eliminated since

the common-mode feedback of the fully differential buffer will

force the common-mode of the oscillator output to midrail. AIFig. 8. Final VCO cokrguration.

though not available for this work, a triple-well process should

be used when possible so that the bulks of the nMOS devices in. .

the delay cells can also be isolated from the negative supply.SWIng req_uwements of t_he opamp are relaxe(_j. IEhaI Veo .

The fully differential buffer needed for fully differential porbguratlon mcorporatu.']g.thls idea is shown in Fig. 8. Amlr!—
um number (3) of basic inverter delay cells are used to min-

supply regulated tuning is not a simple extension of tH ) o . . . .
bRy reg g P ize parasitics and noise-contributing transistors. The single-

single-ended case, as that would lead to an operational am@Iol d nat fthe i ter del s is tolerated b f
ber (opamp) with both outputs shorted to both inputs. Instead, ed nature ot Ine inverter defay Cells IS tolerated because o

the two-input opamp in unity gain cbguration shown in supply regulation. As shown in Fig. 8, poly resistors are used to

Fig. 6 can be used. The problem with opamps in unity ga?%ense the common-mode of the delay cell supplies and a simple

conbguration is that the input common-mode range limits thg?ribaCk loop forcels this f:domrr;on—moctiﬁ vgltage tofTrLdra"' |
output swing which, in this case, limits the VCO tuning range. ere are several considerations in the design ot the supply

Noticing, however, that the input pair label&8Gin Fig. 6 will regulation loop, including stability, bandwidth, dropout, and

be forced by the loop to be approximately equal to the positi\pgaking in the transfer function from the external to internal

supply voltage of the delay cells, which is always above midraﬁquly' The Appendix gives detailed information on this design
’ rocess.

it is possible to use an nMOS input pair to achieve a large in A tioned lier. | tion that | I
common-mode range. Similarly, paiBOcan achieve a large . S mentioned eariier, low-power operation that scales we
ith frequency is an important consideration in wide-range PLL

input -mod b i MOS input pair. T ; o L
ngtnﬁggggg?g sigz\?vnng% F)i/gus7|ng ap nput pair esign [7]. Power consumption in full-swing ring VCOs can be
. ofxpressed as

The amount of current consumed by the ring VCO is prop

tional to the oscillation frequency and inversely proportional to (1)
the jitter. Therefore, a high-speed low-jitter VCO requires the
opamp to provide a prohibitively large current. A solution is tavhere is the power, is the peak current drawn by the

add transistors between the external supply (and ground) delay cell during switching, s the supply voltage, and

and the internal supply ( and ), so that current is drawn is the frequency of oscillation. For traditional tuning methods
from the external supply rather than the output of the opamphere the VCO output swing is constant over the tuning range,
Another benbt of adding these transistors is that the output and are also constant over the tuning range, and
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Fig. 13. Narrow reset pulse phase-frequency detector.

Fig. 15. Measured jitter histogram at 2.4 GHz.

Fig. 14. Die photograph.

the two resistors have better matching than a pMOS current 1
source has to an nMOS current source. Second, the reset pHﬁ'&
width can be minimized since there are no switches that must
be turned on. The PFD described in [9] and shown in Fig. 13
was used in this work. This PFD was designed for high-speed
operation where narrow reset pulses are required.

The divider is a cascade of divide-by-two stages. Prst
stage must operate at a relatively high frequency to cover the
high end of the VCO tuning range. In order to meet the speed
requirements, the divide-by-two stage was implemented using
truly single phase clock (TSP@jp-Rops which are described

in [10]. Fig. 17. Dynamic supply noise sensitivity measurement.

6. Measured jitter as a function of oscillation period (left axis) and as a
ntage of oscillation period (right axis).

V. MEASUREMENT RESULTS a 50-mV tone was added to the supply and the jitter degrada-

. ] tion was measured. The amplitude of the tone was measured

The PLL was fabricated in a 0.18m CMOS technology and at the supply pin to accurately obtain the signal level entering
occupies 0.15 mm Fig. 14 shows a die photograph. The meate device under test. As described in the Appendix, the supply
sured jitter histografshowing 2.36 ps rms jitter at an oscil-regylation loop will cause the supply sensitivity to be a low-pass
lation frequency of 2.4 GHz is depicted in Fig. 15. Shown i@hape. Fig. 18 shows the measured jitter for 1-MHz, 10-MHz,
Fig. 16 is the measured jitter over the frequency range. As &g 1-GHz supply tones, which demonstrates the ability of the
pected, the jitter increases linearly with the period, maintainirpgOp to suppress high-frequency supply noise. For the 1-MHz
a constant fraction of the period. _ case, the rms jitter is degraded to 14.8 ps. At 10 MHz, the rms
_ In order to quantify the dynamic power supply noise sen§jtter has reduced slightly to 9.92 ps, while at 1 GHz, the rms
tivity, the experiment depicted in Fig. 17 was performed wheiter is only 3.11 ps, which is very close to the jitter measured

1The histogram shows absolute jitter with respect to the PLL reference clo_\éﬂth ?)IClean supply. The performance of the PLL is summarized
[11]. in Table 1.
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Fig. 18. Measured jitter histogram for (a) 1-MHz, (b) 10-MHz, and (c) 1-GHz
supply tone.

The quadratic scaling expected by the analysis in Section 1l
was verified by measuring the VCO power as a function of fre-
guency. The measurement, shown in Fig. 19, does indeed show
quadratic scaling.

VI. CONCLUSION

By addressing integration related issues, we have demon-
strated a PLL well-suited for clock generation in modern digital
integrated circuits. The wide range and small die area of the ring
VCO used in the PLL enable the design to be reused for each
of the many digital subsystems operating at different speeds
that comprise a large digital system. The supply noise sensitive
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TABLE |
PERFORMANCE SUMMARY

Technology 0.18um CMOS
Frequency Range 0.5 to 2.5GHz

Power Dissipation 25mW

Die Area 0.15mm?

RMS litter 2.36ps
14.8 ps (IMHz)
RMS lJitter with 50mV Supply Tone | 9.92ps (10MHz)
3.11ps (1GHz)

Fig. 19. Measured VCO power as a function of frequency showing quadratic
scaling.

delay cells used in the ring VCO are tolerated in the presence
of large digital switching noise through the use of fully differ-
ential supply regulated tuning. A wide bandwidth is employed
to reduce the inherently large ring VCO jitter. Since the wide
bandwidth exacerbates the charge pump flicker noise problem,
a novel low flicker noise charge pump architecture was devel-
oped. With many instances of the PLL on the same die, power
consumption is important. The design was shown to be power
efficient over the entire frequency range.

APPENDIX
SUPPLY REGULATED TUNING DESIGN PROCESS

Designing a supply regulated tuning loop requires careful bal-
ancing of several considerations. Referring to Fig. 20, which
shows the single-ended case for the sake of simplicity, we can
list the following considerations.

* Since the attenuation of supply noise is characterized by
the transfer function / pp s, we want high DC at-
tenuation, a low bandwidth for better high-frequency at-
tenuation (since the transfer function is low-pass), and no
peaking.

* Since the transfer function /s isinthe PLL signal
path, it must have sufficiently high bandwidth so that it
does not compromise the PLL loop stability.
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Fig. 20. Simplified supply regulated tuning for analysis.

e The supply regulation loop must also be stable, so care
should be taken to ensure sufficient phase margin for the
regulator loop transfer function LG g s .

« Since the tuning range of the VCO is constrained by the
swing at , the dropout of the regulator should be low.

« The above considerations must be met with minimal power
and die area overhead.

This Appendix is intended to yield insight into the process
of designing a supply regulated tuning loop that successfully
balances these considerations.

As derived in [12], the transfer function from the external
supply pp to the internal supply  can be written as

S 1
s 5 vt @
DD §°+ s o + + 1 + A o
where o is the output impedance of M,

S AV O/ A% O+ o 7A AOA 7Ao m o VvV O
which is the DC gain of the pMOS device, A is the DC gain

of the amplifier, w, | v o » | isthepoleat ,and
is the amplifier pole.
Rewriting (2) using control system notation, we get
S o s/ +1
. 3
oo 2+ ¢ s+ 2 @)
From (2) and (3),
1+4 , 4)
(e} +
¢ —. ®)

Peaking occurs if the zero frequency is lower than the fre-
quency where the transfer function rolls off due to the two poles.
Therefore, care must be taken to ensure that  is greater than

To that end, we define a parameter 2 1 so that

T . (6)
From (4) and (6), we can write  interms of , as
2 1+A @)

which shows that , must be the dominant pole.
It can be shown that for z < , the two poles are complex.
From (5) and (7), we see that

(/. ®)
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Fig. 21. Typical open- and closed-loop gain response.

In order to ensure that there is no peaking due to the complex
poles, we will restrict ¢ 1/, which means z B

When z , there are two real poles. As x increases, the
poles split and the higher pole is approximately . Therefore,
the higher pole and the zero cancel and the transfer function is
single-pole-like. The bandwidth of the transfer function is set
by the lower real pole, which decreases with z.

Behavioral PLL simulations reveal that the bandwidth of

/ s must be about 5-10 times larger than the PLL
bandwidth to ensure that the regulator does not compromise the
stability of the PLL. /s can be written in terms of the
regulator loop gain LG g s

LG G S

— _— 9
5 1+LG ¢ s ©)

where

A
s/ o+1 s/ +1°

Fig. 21 shows a plotof LG ¢ and /

LG G S

(10)

. Since the feed-

back factor in this case is 1, the bandwidthof /|, pw,is
simply the unity-gain bandwidth of LG g s, s0
BW R A . (11)
From (7) and (11), we see that
~ 22 Bw. 12)

Also shown in Fig. 21 is the loop-gain phase response
_LG g s for phase margin calculation. The phase margin
can be written as

) 18° r . (13)

n BVV/ o r n BVV/

Assuming a large gain A, the second term is approximately
90° and substituting (12) into the third term simplifies (13) to
d® ~9° r

n1/z% . (14)
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