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A Coupled Sawtooth Oscillator Combining
Low Jitter With High Control Linearity

Sander L. J. Gierkink and Ed (A. J. M.) van Tuijl

Abstract—A new type of relaxation oscillator is presented that
combines excellent control linearity with low timing jitter. By using
an alternative for the Schmitt trigger, the jitter caused by threshold
level noise can be significantly reduced compared to a conventional
relaxation oscillator, under equal conditions of control linearity.
Circuits realized in a 0.8.um CMOS process show a typical mea- m

sured distortion in the control characteristic of HD, = —67 dB
and HD3; = —90 dB (Af = 500 KHz), without using any
feedback linearization techniques. The measured phase noise is
—102 dBc/Hz at 10-kHz offset atf,s. = 1.5 MHz (65-ppm rms
jitter) for a total supply current of 360 pA.

|. INTRODUCTION I

OLTAGE-CONTROLLED oscillators (VCOSs) are widely
used in applications such as phase-locked loops (PLL
frequency (de)modulators, and timing recovery circuits. A o)
jitter is important in these applications in order to achieve
high dynamic range. Apart from low jitter, VCOs used in fre Toseo + Ly ot
guency (de)modulation circuits also require good control lin-
earity, to minimize distortion of the (de)modulated signal [1f'g
Furthermore, control linearity is desirable for an optimal loop
transfer function of the PLL [2]. Finally, a VCO with high con-by making the detection circuit fast, resulting in a small delay
trol linearity can be applied as multibit quantizer/integrator in @mpared to the overall period of oscillati@h,.. However, a
delta—sigma analog-to-digital (AD) converter [3]. faster detection results in an increased jitter, as will be clarified
The relaxation oscillator’s strength is that it combines a natin Section Il. Thus, in the design of the relaxation oscillator, a
rally wide tuning range with a fundamentally linear frequencyradeoff exists between control linearity (fast level detection cir-
control characteristic. However, in conventional relaxation osuit preferred) and jitter (slow level detection circuit preferred).
cillators, the achievement of high control linearity comes at thhe design approach followed usually is to aim for low jitter at
expense of an increase in jitter. This article presents a ndhe expense of poor control linearity. Compensation techniques
alternative relaxation oscillator concept that circumvents thése then applied to improve control linearity [1], [4], [7], [10].
tradeoff. In Section Ill, a new, alternative level detection concept is
Fig. 1 shows a circuit schematic of a conventional relaxationtroduced that allows low jitter to be achievedthout dete-
oscillator. Whenever the capacitor voltage reaches one of eithieration of the relaxation oscillator’s intrinsically high control
threshold leveVy or Vi, the bistable memory toggles and relinearity. Instead of aiming tmstantlyreverse the capacitor cur-
verses the direction of the capacitor current. The dglantro- rent upon a threshold level crossing, a differential pair is used
duced by the level detection circuitry, is the major cause of the gradually turn on the capacitor’s charge current. Section V
oscillator’s control nonlinearity, as it forms a part of the periodhows that this effectively implements a low-pass filtering of the
of oscillation that is not inversely proportional to the control cutthreshold level noise by the oscillator’s timing capacitor, thus
rent [1], [4]. Conventionally, high control linearity is achieveddecreasing the contribution of threshold level noise to jitter. As
will be explained in Section 1V, this approach does not dete-
" - Ced Julv 7. 2000: revised Seotember 21. 2001 Thi riorate the control linearity. Section VI deals with the practical
st recelved Ju T 2000 ewsed Septemter 21 2001 0 Mfplementation of the so-called coupled sawtooth oscilator and
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. 1. Conventional relaxation oscillator and its waveforms.
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fosc ideal related and the varianceg can be summed into the one-period
/7 ] timing error. In [5], Abidi derives
7
// Ty
, -V —2 4
L4 tot (052 )u, = @ V6 slopevy. “)
fosca ™1 - " | whereq is a constant, valued between 0.5 and 1, depending on
i the spectral properties of the threshold level noise. The slope of
! the capacitor voltage is given Bopey,. = 2(Vy — Vi) /Tosc
! (see Fig. 1), resulting in the following expression for the jitter
3 due to threshold level noiss;:
| |
control0 control TAT ) Jis O
< Tosc vn (VH - VL) ( )

Fig. 2. Nonlinear control characteristic of the relaxation oscillator.
In the case that the threshold noise voltagés white, its vari-
level detection circuitry exhibits a certain delay, due to its ance is given by the product

limited bandwidth. In first order, the delay is independent of 2 _¢ .p 6
the control currenf..q:01, SUCh that we can write Tvy = Pvn " Pn ®6)
1 1 whereS,, is the power spectral density of the white threshold
osc — = Iz 2 . 1 i iSi i i
f Too + farer - 2000 4 4 4 (1) noise andB, is its noise bandwm,jth. _ _
’ Tcontrol Now suppose the comparator’s noise bandwigths set by

£ dominating low-pass single-pdRC combination, with asso-

Tosco, td.tor, andty are defined in Fig. 1. Fig. 2 shows a plo -
0 Felstot d g g P ThenB, is given by

of the nonlinear control characteristic that asymptotically aﬁ!ated time constantom;-
proaches its maximum value oft, o; [4]. s 111

The control nonlinearity results in distortion in a frequency Ba = 2 27RC ~ 4RC ~ 47omp
(de)modulation application, e.g., when the oscillator is used for

FM demodaulation, it gives rise to second-order distortion [1]:ASSuming that the comparator's delay (see Fig. 1) can be
approximated by its time constaf,ny,: ta & Teomp, WE Can

HD, = M @) rewrite (7) as

()

p__ L _ 1 _ 1
" 47—c0mp 4td (Fig.1) td,tot )

in which Af is the frequency sweep (see Fig. 2) afado ®)

is the total delay occurring in one period of oscillation (see

Fig. 1). Notice that the distortion in independent of the oscifz°MPining (), (6), and (8) gives the final expression for the
lation frequency. jitter due to threshold level noise:

According to (2), the total delady . must be made small in F
order to minimizetD,. Unfortunately, this increases the jitter TAT,.. a5 Un " T eor )
of this type of oscillator, as will be shown next. Tosc /o, T (Vg =V
B. Jitter Thus, in the conventional relaxation oscillator, the rms jitter

is inversely proportional to the square root of the delays.,

The primary contributors to the relaxation oscillator's jitte{, hereas the distortion is proportional #9.; [see (2)]. This
are the noise curreny, flowing into the capacitor and the nois€;g, a5 the tradeoff between control linearity and jitter in the
voltagev, present in series with the threshold level (see Fig. 1), entional relaxation oscillator.

The latter is generally the dominant cause of jitter, due to its
much larger contributing bandwidth [5]-[7]. Therefore, the cal- |,

culations will focus solely on the jitter, caused by threshold level B ) _ ) ) _
noise. Low jitter and high control linearity cannot be achieved si-

In the circuit of Fig. 1, the threshold level noisg is given Multaneously in a conventional relaxation oscillator, as shown
by the input-referred noise of the comparators and the voltag@@Viously. In this section, an alternative implementation of the
noise, intrinsically present on the comparator levils and evel crossing detection is proposed, allowing for the achieve-

V1. The variance of the time error, associated with one lev@ent ofbothlow jitter andgood control linearity. o
crossing, can be calculated as [5] In the coupled sawtooth oscillator, one period of oscillation

is determined by the sum of the durations of solely rising slopes
of capacitor voltage waveforms. The falling edges do not con-
tribute to the definition of the period of oscillation. The only
condition to be satisfied is that a capacitor must be discharged in
whereo? is the variance of the threshold level noiggand time to enable its participation in the next period of oscillation.
slopey, is the slope of the capacitor voltage. When the noiséhe minimum number of capacitors needed in such a timing
voltagew,, is white, the successive timing erradg are uncor- scheme is two, resulting in the waveforms of Fig. 3.

. PRINCIPLE OF THECOUPLED SAWTOOTH OSCILLATOR

2
o
0h x —2 ®
(slopeyy.)
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Fig. 3. Capacitor voltage waveforms appearing in the coupled sawtooth
oscillator.
0 —
Tswitch time
Fig. 5. Capacitor’s current and voltage waveforms in one stage of the coupled
sawtooth oscillator during startup of a ramp.
IV. CONTROL LINEARITY OF THE COUPLED
ate SAWTOOTH OSCILLATOR
Ve 1in
of psr?acgglng next stage Fig. 5 explains the preservation of control linearity in the cou-

pled sawtooth oscillator. The solid curve in the upper graph of
Fig. 5 shows the relationship between the drain currem/of
(or, equivalently, the capacitor currefit) and the differential
voltageVyix (see Fig. 4). The dashed curve in the upper graph
Fig. 4. Basic implementation of one stage in the coupled sawtooth oscillateyf Fig. 5 depicts the situation in which the differential pMLQ

acts as an instantaneous switch (similar to the functionality of

The charging of a capacitor starts whenever the previous ¢3€ level detection circuitin an idealized conventional relaxation
pacitor voltage ramp reaches the vicinity of the threshold lev@$cillator). The lower graph in Fig. 5 shows the resultiig
Varr: (Which is the equivalent of the threshold levélg and curves that are calculated by integrating fecurves. This in-

Vi in Fig. 1). The crucial difference between the coupled saigdration is mathematically correct; although the horizontal axis
tooth oscillator and the conventional relaxation oscillator is th@f the upper graph is a voltage, itis equivalent to time. This can

the decision to start a new capacitor voltage ramp is not taki concluded from Fig. 3; the capacitor voltage waveform (that
quickly, but rather aslowlyas possible. By allowing each ca-drives the differential pair) is a linear function of time the mo-

pacitor voltage tdraversethe threshold leveligr:, a trajec- MeNt it CroSsedrpr;.

tory is created around the threshold level that is usegtadu- The linearity in the oscillator's control characteristic

ally start up a new ramp. Josc(Lenarge) 18 guaranteed when the solld: curve overlaps
In [13], a relaxation oscillator is described whose period ¢f€ dashed’c curve in their joint linear parts (poirfi in the

oscillation is also determined solely by rising slopes of capacitigWer graph of Fig. 5), irrespectively of the value Dfarge-

voltages. However, it uses a “classical” level detection circuliS condition is guaranteed if arelaandll in Fig. 5 are equal

and thus has a design tradeoff between control linearity and jitf@F €ach valué ofuy..q.. This is indeed the case because the
similar to the conventional relaxation oscillator. differential pair’'s transfer function between the input voltage

In the coupled sawtooth oscillator, a differential pair impletut @nd the drain current ai/, is point symmetrical in the
x = 0V, irrespective of the value of the tail current

ments the mechanism by which a new ramp is started graduaf§!nt Vai
Fig. 4 shows the basic implementation of one of the muItipI@harge' ) _ ) )
stages in the coupled sawtooth oscillator. The differential pajr 1€ control linearity of the coupled sawtooth oscillator is ul-
M, converts the voltage differendé;,; between the capac- imately limited only by the following.

itor voltage of the preceding stage and the threshold-leygl: « K-mismatch in the differential pair, giving rise to a
into the charge current for the capacitor. The gate of transistor current-dependent offset voltage. This current-dependent
M; is connected to a reference voltagerr: . The gate of tran- offset voltage can be thought of as added to the threshold

sistorMs is the control gate and it is connected to the capacitor  voltage levelVrgr; .
in the preceding stage of the oscillator. Transidthrdischarges » Threshold-voltage mismatch in the current mirror that
the capacitor; its gate control is discussed in Section VI. The fre-  supplies the tail currenfty,.... to the differential pair (see
quency of oscillation is controlled by the curreif.. g Fig. 4), giving rise to a current-dependent mirror ratio.
The next section focuses on the control linearity. It will be ¢ Charge injection. When a stage’s capacitor discharges,
shown that the gradual startup of a capacitor voltage ramp does the source voltage of the differential pair in the following
not harm the control linearity of the oscillator. Later sections  stage is lowered abruptly. This may cause charge injection
derive the jitter expressions and explain its reduction, compared onto the gate-bias rail of the tail current sources, affecting
to the conventional relaxation oscillator. the charge current in some other stage. If the amount of
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T time

switch,max switch,max

TOSC

Fig. 6. Allowable maximum switching tim&.itcn,max Of the differential VREF_1 Y
pairs.

injected charge is dependent &fj..q. (for example, be-
cause parasitic capacitances change), it introduces control
nonlinearity.
A quantitative analysis of the effect of transistor mismatches on
control linearity is given in [19]. (b)
As explained by means of Fig. 5, the point-symmetrical
transfer function of the differential pair assures that the OSCﬁi'g, 7. Comparison of timing errors due to threshold level noise.
lator's control linearity is maintained, provided that the ian(p) Conventional relaxation oscillator. (b) Coupled sawtooth oscillator.
differential voltage of the differential pair is a linear function
of time during the switching interval.. TO assure this, However, as will be shown next, unlike in the conventional re-
the “curved” start-up intervals of successive capacitor voltadgxation oscillator, the variance of the capacitor voltage error
ramps are not allowed to overlap in time. Thus, the maximuis smaller than that of the threshold level noise. As a result, the
allowableT,:, in ann-stage coupled sawtooth oscillator igime error in the coupled sawtooth oscillator [Fig. 7(b)] is signif-
given by icantly smaller than that of the relaxation oscillator [Fig. 7(a)],
T explaining the improvement in jitter performance of the coupled
;SC. (10) sawtooth oscillator.

Similar to the relaxation oscillator, the variance of the timing
Fig. 6 illustrates the maximum allowalilg,,;;, for a two-stage error At,,,, can be expressed as

coupled sawtooth oscillator. Note theg; is a linear function )
of time during the start-up intervals &% and vice versa. 2 TAV, (12)

~ (slopeve)’”

Tswitchmax =

TAtiaw —
V. JITTER OF THE COUPLED SAWTOOTH OSCILLATOR
) ] ] ] ] An expression for the variancg®Av.. is derived from the
In Fig. 7, the conventional relaxation oscillator [Fig. 7(a)]3xpression of the capacitor voltage erty [see Fig. 7(b)]
and the coupled sawtooth oscillator [Fig. 7(b)] are comparega; appears when the differential pair has fully switched:
with respect to the timing error that arises due to threshold level
noiseu,. The figure shows the capacitor voltage wavefokfps AV = 1 / Gn(7) - v ) (13)
and Ve, appearing in two successive stages, during startup of C Jr " "

Vaa. Fig. 7(a) shows the time errakt,.;, that results in case . hicha.. is the diff tial pair's t duct bet
a trigger circuit is used to start a new capacitor voltage ranp.V"1CN gm IS INE dilierential pair's ransconductance between

By definition, the time error is proportional (via the slope o put differential voltage and,’s drain current (see Fig. 4)

the ramp) to the error made in the capacitor voltage. In turn, t den is the threshold level noise. To simplify the calculations,

capacitor voltage error is given by a sample of the threshold Ie\} ?_assurr_]tptrl](_)n IS ;rtlsdz_t;at thf‘. t:angconguctg,nlogtconste_mt
noise. Thus, we can write for the situation depicted in Fig. 7( ring switching otthe difierential pair and equais Its maximum
[5] valueg,,.o. It can be shown easily that,q is related to the dif-

ferential pair's switching timé ;1. via the approximation

switch

2 2
TAY. g
O—/QAtm,. = ave 2 = 2 (11) ~ C
¢ (slopeve.) (slopeve) Tiwiteh ™

. (14)
9mo
Fig. 7(b) shows the situation in the coupled sawtooth OSC\Q_‘Iubstituting (14) into (13) gives the following expression for the

Iatc_)tr. hDurlngt;]he time '.?te,rvag““*‘“h that trt]etr? 'ffe“?.”“f" pair capacitor voltage erraAV that results when the differential
switches on the capacitor's charge current, th€ naiss trans- pair has fully switched on the capacitor’s charge current:
ferred into a current that imtegrated(or filtered) by the ca-

pacitor. Again, via the slope of the capacitor voltage ramp, the 1
. . . . AVe = . v (7)dT.
resulting voltage erroAVes gives rise to a time errafAt,,,,. Towitch  JToosnr

(15)
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5 10 Notice that maximizing the differential pair's switching in-
sin(mfTowiten) | 4 terval T,yisc. reduces the jitter. The maximuyicq, that can
(T giten) \ be chosen in an-stage coupled sawtooth oscillator (whilst still
0.1 preserving control linearity) is given by expression (10). Substi-
T 1E-2 A tuting (10) into (19) gives the final expression for the minimum
] achievable jitter due to threshold level noise of the coupled saw-
1E-3 tooth oscillator:
1E-4 5, . Joe
1E-3  1E-2 0.1 1 10 <_"ATosc> S . (20)
— FTsuiten Tosc / saw vy VrREFL
Fig. 8. Squared sinc function in (17) as a functionfof T, ;e An important conclusion can be drawn from (20): the jitter

due to threshold level noise is independent of the number of
This errorAVe can be thought of as a sample of a continuou@ges:. The reason for this is that with an increasing number
time random variable, given by of stage_s, the s_Iope of the ramps increases, Wh|ch_compensates
for the increasing number of threshold level crossings and the
/ t valr)dr (16) decreasing value @f ;.. EXpression (20) shows that the jitter
T n ) due to threshold level noise is proportional to a noise-to-signal
_ _ _ _ ratio of the threshold levélrgr; .
This continuous-time expression allows us to calculate theTneg jitter ratio due to threshold level noise between the cou-
power spectral densitysav, (f) associated WithAVo by  pleq sawtooth and relaxation oscillators can be found by di-
Fourier transforming the continuous-time expressid¥ic:(f),  viding (20) with (9) (under the assumption that both oscillators
giving [22] have equal values &, Ve max(Vir — V. = Vier1 ), and fur-
sin (r fTswitch)>2 thermore assuming thaty/1.5 ~ 1):

Sav, =5, - 17
ave (f) " < WfTswitch ( ) < O AT sc saw ) — tdztOt (21)
where S, is the power spectral density of the white-noise O ATose rotax / 2 Tose

voltage Un. Fig. 8 shows a log—log plot of the squared sinc | thjs expression,; ;. is the total delay, added to one period
function in (17). One can conclude from this plot that onlyt gscillation by the level detection circuit in the conventional
the low-frequency portion of the threshold level noisecon- rg|axation oscillator (see Fig. 1). This jitter ratio is independent
tributes significantly to the power spectral densfixv. (/). of the number of stages used in the coupled sawtooth oscillator
The larger the differential pair's switching inten&liau, the  to generate one period of oscillation. As a good control linearity
more eﬁegtlve is this low-pass f'ltef'”g- _ implies a total delay, ... that is much smaller thafi,s., it is

The variancer}, ~of the capacitor voltage errahVe is  clear from (21) that the jitter of the coupled sawtooth oscillator
given by the integration of the power spectral density, (f) is much smaller that that of the conventional relaxation oscil-

AVe(t) = L

switch

over all frequencies, which gives lator, when compared at equal control linearity.
1 1 The emphasis in this paper has been on the jitter due to
TAve T 5 S, - Towieats (18) threshold level noise, since it is the dominant cause of jitter in
switch

the conventional relaxation oscillator. To be complete, however,

Comparing (18) with (6) [withB,, given byl /tq ;. (8)], the the jitter due to noise on the charge curréft.... (see Fig. 4)
improvement is apparent: in the coupled sawtooth oscillat@an be derived as [19]
the effective bandwidth by which threshold level noise con-
tributes to the variance of the capacitor voltage error is given S; - Josc
by 1/(2 - Tiwiter,). This bandwidth is much smaller than the <_OAT°S°) Vv ' 2 (22)
noise bandwidth /¢, ;¢ Of the level detection circuitry in the Tose saw,in
conyentlonal reIaxat'lon oscillator [see (8?]' Thus_, by gr‘."‘d“a”l?é which S; is the power spectral density of the current noise,
starting up a capacitor voltage ramp using a differential pair . o

. o . . associated witH 5, pc-
the oscillator exploits its own capacitor to effectively reduce the &
bandwidth by which the threshold level noise contributes to the
capacitor voltage error and thus to jitter.

Now suppose that a coupled sawtooth oscillator exists of Fig. 9 shows the implementation of the coupled sawtooth os-
equal stages, such that the surmabositive capacitor voltage cillator, consisting of a ring of four identical stages. One pe-
ramps forms one single period of oscillation. Then the followingod of oscillation is determined by the sum of the four rising
expression for the one-cycle jitter can be easily derived: ramps. Fig. 9(a) shows the current biasing scheme of all stages.

Fig. 9(b) shows a single stage (stage numbé&y. The num-
S, 11 bering of the signals in italics applies to stage number one.
<0ATW> _ 2 n Ttk (19) The differential pairdM; » in Fig. 9(b) controls the gradual

1 charge

VI. |MPLEMENTATION

Tose - VREF1 ) startup of the capacitor voltage ramp. The comparator in
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Fig. 10. Capacitor voltage waveforms appearing in the circuit of Fig. 11.
llcomml Vir, e, refers to the threshold voltage 61, in Fig. 11(b).
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(b) Fig. 11. Measured,..(/contro1) Of ONe IC.

Fig. 9. (a) The four-stage coupled sawtooth oscillator and (b) the circyh which C.,; represents the sum of the capacitors in the four
schematic of a single stage numbet. “The signals in italics apply to stage

number 1. The interconnect between stages in (a) follows from the sigﬁ&?‘ges' o . . .
numbering in (b). As the frequency of oscillation is relatively low in our appli-

cation, we can use a comparator to drive the gaté/gf[see

Fig. 9(b) (a simple one-stage operational transconductarfdg. 9(b)], giving maximum experimental controllability over
amplifier) initiates the discharging of the capacitor througthe discharge levelrgr». If the aim is a maximum operating
transistords. Transistord/, deactivates the discharge switctrequency, it is probably better to use a six-stage coupled saw-
M. It assures that the capacitor is “released” in time for tHeoth oscillator; it can be shown that using six stages allows one
generation of the next rising ramp (see Fig. 10). Transistdgsremove the comparator and drive the gatégfdirectly with
M3 4 and the comparator are only involved with the dischardéz(:+2)- The only parasitic node then remaining in a stage is the
intervals of the capacitor and thus do not add jitter. Thgource connection of the differential paif; >.
resulting waveform timing is depicted in Fig. 10.

The oscillator generates two square-wave output signals that VII. EXPERIMENTAL RESULTS

are ideally in quadrature to each other. The edges of the firstrne o nled sawtooth oscillator has been realized in a stan-
output signal are defined by the nsing slopes in stgges 1 39 0.8um double-metal single-poly CMOS process. The cir-
3 and the edges of the other output signal are defined by iy s designed for application in a HiFi FM-sound (de)modula-
those in stages 2 and 4. By splitting the oscillator’s control CUfSn PLL in a VCR with a sound-carrier frequency of 1.8 MHz.

rentIC(?mrol in two halves by_ means of the differential pa, , Fig. 11 shows the measurgigl. (Zeonror)- By polynomial fitting
[see Fig. 9(a)], the phase difference between the two quadratmgdata in Fig. 11 arounfls.o = 1.8 MHz, the distortion in the

signals can be altered by means of the voltiggq. Two edges Lontror( fore) relationship is calculated with f = 500 kHz (1),

can be adjusted to exactly 9the position of the other edges iving HD, = —67 dB andHD; = —90 dB. This is more than
have a fixed phase relation determined by stage matching.

mately will be, because the edges of the quadrature signals g -4 pe explained by, mismatches in the pMOS current
derived from different stages. Another advantage of splittingi .o of Fig. 11(a) [19].

I.ontral 1S that the gate rails of the two 1:1 pMOS current mir- Fig. 13 shows the measured phase nojse.(= 1.5 MHz,
rors are separated. Any charge injection onto the gate bias raibgjmrol — 120 pA Ipp = 360 A, L(10 kHz) —
the pMOS current mirror during a capacitor’s discharge cannof 5 dBc/Hz). In this phase-noise measurement, the ex-
affect the currenfciarg. in the “active” stage. ternal applied noise impedance at the threshold 1&gl is

The frequency of oscillation is given by 24 k2 and the external noise impedance applied at the sources
Teontrol of Mg in Fig. 9(a) is 1.35 K. The —30 dB/dec portion of

2 - Vier: - Cot (23) the phase-noise spectrum is caused by 1thé noise of the

fosc =
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-60 TABLE |
* + CIRCUIT CHARACTERISTICS
+ ¥ + + *
-70 F + Vb 5V
+ +
+ HD, [dB]
.80 F VRrer1 2V
4 HD, [dB]
4 N Veer2 12V
90 L a A A oa A & a
A Cror 20pF
1 T T s 6 7 8 9 1011 HD; Icontrot(fosc) (Af=500kHz fosc=1.8MHz) -67dB (typ)
chip nr. HD; Icontro(fosc) (Af=500kHz fosc=1.8MHz) -90dB (typ)
Fig. 12. Measured distortion of the control characteristic of ten fGso = L(10kHz) @ fosc=1.5MHz -102dBc/Hz
1.8 MHz andA f = 500 kHz.
IDD @ fosczl 5SMHz 360}1A
-40
£f) 50 fose = 1.5MHz
[dBc/Hz] o0t bution to jitter. It can be calculated with (19) by again using
T 70 Towiteh = (1/14) - Tose, giving an equivalent resistor value of

400 K. If this sameamount of threshold noise is present in a
relaxation oscillator that has tteamecontrol nonlinearity as
specified in Table | and theamecapacitor voltage swing, its
rms jitter due to threshold level noise would be a factor 15 larger
than that of the coupled sawtooth oscillator [calculated by using

-110 ettt ttobehor (2) and (9)]. This has been verified by simulation [23]. Table |
100 1k 10k 30k summarizes the circuit characteristics including measurement
Carrier offset frequency f,, [Hz] —» results.

A commonly used figure-of-merit (FOM) for comparing the

ig. 13. ife.. = 1.5 . . . ) . .
Fig. 13. Measured phase noige 5 MHz phase-noise performance of different oscillators is given by

pMOS current mirror transistors. It can be reduced by applying FOM =10 - log < 2. 1 )

the switched-bias technique to these transistors [20] or by 2 - L(fm) Paies

periodically interchanging the transistors in the mirror [19]. Thse 1

Using a formula derived in [19] and [21] eqf%)lo log <U% : Pdiss) (25)

T fose oscillator. In [1], an FM demodulator is presented that uses
(24) a well-designed low-noise relaxation oscillator that utilizes a

whereL( f,.) is the common measure for phase nojsgjs the Compensation circuit to ?ncrease control 'Iinear.ity. Table Il gives
carrier offset frequency, and & /Thsc) is the ppm rms jitter. @ performance comparison of that design with our particular
The portion of the phase-noise spectrum that hag@@ dB/dec realization of the coupled sawtooth oscillator.
slope (see Fig. 13) can be translated into a 65-ppm rms cycléVote that the design in [1] has a phase-noise FOM that is
jitter. Compared to calculations, the jitter due to threshold lev@Pout 3 dB better than ours. The reason is that in our particular
noise is only 16 ppm [calculated using (19) with = 4T - realization, the jitter is dominated by the noise on the charge
24 kQ andTiyiten, = (1/14) - Tose, which in turn is based on currentcharge. By substituting the expression for jitter due to
(14) and the particular transconductance of the differential paifiPis€ ONlcharge (22) in (25) (With S, = 4kT - 2gp,,;,,.,» I
However, the theoretical jitter due to noise on the charge currd¥ichgnm....... is the transconductance of the mirror transistors),
was found to be 60 ppm, using (22) whéie is set by the noise ONe can derive its contribution to the FOM:
of the mirror transistors [the top-row transistors in Fig. 9(a)] 1 Var.
giving a total predicted jitter of/602 + 162 = 62 ppm, which FOM =10 -log <W V—O) - (26)
. . DD

agrees well with the measured value. Nevertheless, it shows that
there is room for optimization; by sacrificing some swing acrosthus, in order to further improve the phase-noise performance
the capacitors, the voltage headroom of the transistors in tfeur realization, the effective gate—source voltage of the mirror
current mirror can be significantly increased, thus reducing théiansistors should be increased. This will come at the expense
contribution to jitter. of the swing across the capacitors, but since the jitter due to

It is interesting to calculate the amount of threshold levéhreshold level noise is much lower, the overall jitter will im-
noise that would be required to give a similar 60-ppm contrprove. In general, one can conclude that for optimal jitter per-

Jose ((oam.\’ OAT,.. L(fm)-f3 in which Py is the dissipated power in the core of the
L(fm) = 5 T— = e S———

m
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TABLE 1
PERFORMANCE COMPARISON
Sempel [1] Our design
fosc 6.8MHz 1.5MHz
Vop 5V 5V
Leharge 4mA 60pA
L(10kHz) -110dBc/Hz -102dBc/Hz
HD,(50kHz) (see eq. 2) -75dB (after compensation) -87dB (no compensation)
FOMphase noise (see eq. 25) 153.6 150.7

(1]

(2]
(3]

(4]

(3]
(6]

(7]

Fig. 14. Chip photograph of the oscillatdr1®5 gm x 980 pm). [8]

formance of the coupled sawtooth oscillator, both the jitter due!l®!
to threshold level noise and noise on the charge current should
be taken into account in the minimization of the overall jitter. [10]
Fig. 14 shows a chip photograph. Clearly, one can recognize
the oscillator’s capacitors. There are six capacitors. The outg{y;
two capacitors are not used in the oscillator; they are part of two
output buffer circuits that are able to drive SDloads. (12]

VIIl. CONCLUSION [13]

A new current-controlled oscillator principle is presented thaf14]
combines extremely high control linearity with low timing jitter.
Compared with the theoretical jitter of a relaxation oscillator de-
signed with equal oscillation frequency, control linearity, and[15]
capacitor voltage swing, the rms jitter due to threshold leve 16]
noise improves with a factor 15. Better matching between stages
would increase the control linearity further and make the advan-
tage over the relaxation oscillator even larger. [17]
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