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Fig. 4. Simulated waveforms of the CFS CMOS bulffer.

delay and lower power dissipation can be achieved by individually3] K. Y. Khoo and A. N. Willson, Jr., “Lower power CMOS clock buffer,”
Sizing the two sp“t_path in IEEE Proc. ISCAS1994, pp. 355-358.
[4] H.-Y. Huang and Y.-H. Chu, “Feedback-controlled split-path CMOS

IV. SIMULATION RESULTS buffer,” in Proc. ISCAS1996, vol. 4, pp. 300-303.

The power dissipation simulation result of various capacitance
loads of the conventional tapper buffer, the FS buffer, and the
proposed CFS buffer are shown in Table Il. The HSPICE simulation
results are based upon the device parameters of @65 V Nonlinear Distortion Model for
CMOS process at 100 MHz operating frequency. Table Il shows VCO-PLL FM Transmission Systems
the average propagation delay of the three buffers. Table IV shows
the normalized power-delay product simulation results. It is shown Jo%® C. Pedro, Nuno B. Carvalho, and Raquel C. Madureira
that the charge transfer diodes can reduce the propagation delay and
power dissipation. It is clear that the proposed CFS CMOS buffer can

save over 20% of power-delay product in comparison to conventionafbstract—The nonlinear distortion of frequency or phase modulation
tapper buffer systems composed by a voltage-controlled oscillator (VCO) modulator

and a phase-locked loop (PLL) discriminator is addressed. Volterra series
nonlinear transfer functions up to third order, for an LC Colpitts type
V. CONCLUSION modulator and a PLL with simultaneous nonlinear phase-detector and

In this brief, the CFS CMOS buffer is proposed and analyzed. THEO, are combined as a cascade of mildly nonlinear systems. This

. . . roach gives a fully analytical description of that complex arrangement,
MOS diodes DP and DN are used in the output inverter because ﬁﬁ)gch allowed the derivation of theoretical linearization conditions for

size and the capacitance of the output inverter is large. By using gt EM/PM modem.
charge-transfer MOS diodes and feedback control signal, the CI:Slndex Terms— Frequency modulation, intermodulation distortion
CMOS buffer can eliminate the short-circuit power dissipation a ase-locked loops, glolterr); series. ' '
improve the operation speed. Although the area of the CFS CMOS
buffer is increased, simulation results show that over 20% power-

delay product savings is possible with the CFS CMOS buffer. Thus I. INTRODUCTION

it is suitable for low power high speed applications. The performance of a general telecommunications physical channel
can be evaluated in terms of dynamic range, i.e., the ratio between
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maximum and minimum detectable signal level for a given output 8, _ V()
signal-to-noise or intermodulation distortion (IMD) ratio [1]. Beyond Y] veo 2,(t) O41) PD Filter | _©» o
the widely known robustness against additive noise, FM or PM are O, g0 Fi)

also good modulation methods for IMD immunity: they generate con- o, ow V(1)

stant envelope modulated signals, which are not capable of driving the
system’s AM-AM or AM-PM nonlinear characteristics [2]. However,
some applications have been reported where the FM modem remaigs 1 gjock diagram of studied VCO modulator—PLL demodulator FM
the determinant element on system’s IMD performance [3]. Thugansmission system (see text).
distortion characteristics of analog FM transmission systems are still
worth studying. Wo(MIlz)

A voltage-controlled oscillator (VCO) and a phase-locked loop 3 =
(PLL), represented in the block diagram of Fig. 1, were selected a¥¥ -]
the FM modulator and frequency discriminator, respectively. Beyond /
its practical relevance, this type of FM modem was chosen due td* ]
the linearity achieved by many VCO'’s and the threshold extension6 ] /

provided by the PLL [4]. : /
Nonlinear distortion performance of these circuits was already, 1

addressed by several authors [5]-[10]. However, from these works, ] /
only the analysis of Van Trees [5] enabled real IMD calculations ; ]

of multitone excitation, since it was done entirely in the frequency :/
domain using Volterra series. Because the harmonic balance methog ——r———r 77—

vVCO

used by Takahaslgt al. [8]-[10] has to treat the circuit's nonlineari-  -10 -5 0 5 10 15
ties in the time domain, it suffers from the same problems recognized Vi(V)
for any other time-domain simulators, when the input is composed [+ Real VCO —Appr. VCO|

by some incommensurate sinusoids [2]. Another important advantage

attributed to Volterra techniques, over other numerical nonlinehig- 2. Comparison between FM modulation characteristics provided by the

analysis algorithms, resides on its closed-form type of solutionéCO model and the adopted Taylor series expansion.

which can be determinant to the extraction of general qualitative

conclusions about the system, or even to its possible optimization. lin applications where the transmission channel is not transparent,

is also recognized, however, that the application of Volterra seriesgaother block [C] could be inserted in Fig. 1, between the VCO and

a circuit requires very laborious algebraic calculations, which makese PLL. If this channel is to be modeled by a dispersive transmission

the method useless for predicting nonlinear behavior beyond thitgedium, or it includes narrow-band LC band-pass filters at radio-

order. In the present case, this mild nonlinearity assumption restriftsquency or intermediate-frequency stages of the receiver, then all

the study to the PLL under tracking operation. of its threeH " (51, - - . 5,) should be evaluated [14]. In any case,
The first aim of this brief is to present a comprehensive study gie variousH(T”)(sh ---, 8,) could be determined in much the same

the nonlinear distortion provided by a VCO-PLL FM modem and tq/ay, by recursively applying the generalized chain formulas to the

derive linearization conditions for that transmission system. modulator and channel combination, and then to the obtained result

and the demodulator.

Il. VOLTERRA SERIES MODEL OF FM TRANSMISSION SYSTEM IIl. MODEL VALIDATION

The FM system herein considered assumes a VCO for the mog!n order to evaluate the validity limits of the proposed model,

ulator (M) and a PLL for the demodulator (D), as described iN-TF'S of practical VCO and PLL prototypes are derived and

the block diagram of Fig. 1. Since both of these subsystems a'FEP'eme“tEd in a compu_tt_ar program. Th? results thu_s obta_lined
in general, mildly nonlinear with memory, they should be rep@re then compared to traditional time-domain computer simulations,

resented by appropriate \olterra series. Therefore, if their inpB§sed on the direct numerical integration of the system’s nonlinear

signal [V;(t)—instantaneous VCO'’s input voltage, & (t)—PLL'’s equra]uions. idered i ‘ 4 Colpi . idal
instantaneous input phase] is a sum @fsinusoids, their output The VCO considered is a transformed Colpilts type sinusoidal LC

[0 (1)—VCO's output phase, oF, (#)—PLL's output voltage] can oscillator. It ha; a.cgnventional common-base .BJT topology. where
be expressed as a \olterra series up to third order [2]. There, ezﬁ'&ﬁ resonant circut Is comppsed of th capacitdrs, and C, in
of the two subsystems is identified by a set of frequency-dom ries, connected across an indudtoin this way, VCO steady-state
nonlinear transfer functions, NLTF’s, of order, represented by output frequency can be expressed as
Hl(\jll,)/_)(sl‘ "'gsn). C« Cv —(1/2)
By applying the probing method [2] to the time-domain nonlinear wolvi (t)] = {L <Cu[v,:(t)] +Co + ﬁ)} Y
integro-differential relations of the VCO and the PLL, the derivation e
of these threed ,(nf;;)n(é’u -+, 5,) is straightforward, as can be seenwhereC) is a measured constant varactor parasitic capacitance, and
in previously published works of the authors [11], [12]. C,[vi(t)] is the usual varactor capacitance form [2]. The Taylor
For the determination of the third-order model of the complete Fieries expansion of (1) around the quiescent pbipt= 2.8 V has
transmission system of Fig. 1, we used the classical result of the following coefficientsi; s = 3.08 Mrad/(V-S), d2as = —14.6
Volterra series of a cascade of two mild nonlinearities [13]. Thes@ad/(V?-s), anddsyn = —2.78 Krad/(V?-s). A comparison of the
generalized chain relations allow the derivation of the whole tranequency modulation characteristics presented by this approximate
mission system’s NLTF'SH." (1, - -, s,), as closed-form combi- series and (1) is shown in Fig. 2. A perfect agreement is guaranteed
nations of the individuaH ' (sy, - -+, s,,) andH'"(sy, ---, s,). in a wide range of input voltages.
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Fig. 3. Comparison of fundamental, second and third harmonic outpud- 5. Separate IMD contributions of FM modulator, discriminator VCO,
voltage prediction of FM transmission system using Volterra NLTF’s, andiscriminator PD, and simultaneous discriminator PD and VCO.
time-domain simulations.

or PM discriminator. The differences that arise for the higher end of

0 Ut [dBV) Vout @BV) second and third harmonic voltages are due to the PLL, and, within
1 _4/\ b it, to the Taylor series approximation of the sinusoidal PD [11].
'20‘_ + Eo Fig. 4 shows first-, second-, and third-order output harmonic
40 /-//\\\ . distortion versus frequency, for an input voltage amplitudé/ ot
] F-10 0.05 V. The agreement between the two simulated results is now
607 /—/ \\\ 0 almost perfect in the whole range of modulating frequencies. The
-80 — \‘\\ - slight difference noticed in the second harmonic, near, can
] .30 again be attributed to the limited accuracy of the PD Taylor ex-
-100 - \ > .
] pansion.
2120 3 ———rrrrr . .40
0.01 0.1 1 10
IV. NONLINEAR DISTORTION PREDICTION
W/Wn
—Fund (Volterra) —2nd H (Volterra) =3rd H (Volterra) OF AN FM TRANSN”SSlON &STEM

* Fund (Time Domain) ¢ 2nd H (Time Domain) ® 3rd H (Time Domain)

In order to evaluate the relative contributions of each of the non-

Fig. 4. Prediction of fundamental, second, and third harmonic output voltaljgear subsystems to the overall distortion, four different conditions

versus frequency, obtained with Volterra NLTF’s, and time-domain simuldV€re tested. Using the same FM modulator described in the previous
tions. section, the nonlinear components of the PLL discriminator were

varied to create the following situations reported in Fig. 5: nonlinear

. . . VCO and PD, linear VCO and nonlinear PD, nonlinear VCO and
The phase detector used in the PLL demodulator is a conventlomjear PD. and linear VCO and PD

nonsaturated double balanced RF mixer, which was modeled by e first conclusion that can be extracted from Fig. 5 is that sinu-

ideal sinusoidal phase-voltage characterisfl©( (¢)] in Fig. 1). soidal PD nonlinearity is, by far, the dominant distortion generator of

For gem(arality PUrposes, iF was assumed that the input cent{ﬁé whole system. Therefore, it is clear that the first step in reducing
frequency,2;, was slightly different from the demodulator VCO e Mmp of the system is to use a PLL demodulator with a linear PD

free running frequencyloq. This imposes a second-degree nonnull¢ iangular or sawtooth phase-voltage transfer characteristic.

term on the Taylor expansion gf ], althoughg[-] is, itself, an odd  Apgther interesting point that may be observed in Fig. 5 is

function of ©c(). _ _ that the situation of a nonlinear PLL-VCO presents lower third-
For the selected quiescent point, the Taylor expansiafi-dBave  orger harmonic distortion than the full linear PLL, up to Q.3.

the following coefﬁuengts:cl = 0.78 Virad; ¢ = —0.05 _V/radz, This rather surprising conclusion can be explained by a partial

and c; = —0.13 V/rad'. The PLL discriminator VCO is also & cancellation of the nonlinear distortion components generated at the

Colpitts, and was modeled using the same procedure above refef(gd modem VCO's.

for the FM modulator. Its Taylor series coefficients weidep = To determine the exact IMD cancellation conditions, let us derive

2.80 Mrad/(Vs), dop = —20.7 Krad/(V'-s), anddap = =232 the complete NLTF's of an FM transmission system, whose PLL

Krad/(V"-s). Finally, the loop filter was simply chosen as a one-polgiscriminator includes a linear PD. Following the procedure referred

RC filter, which has a cutoff frequency of. = 250 Krad/s and leads iy section II, for memoryless modulator (M) and PLL discriminator

to a second-order PLL with natural radian frequeney, = 739 (D) vCO's, and linear PD, it can be shown that the system’s NLTF’s

Krad/s. up to third order are now
Due to the difficulties of time-domain methods on dealing with

noncommensurate frequency excitations, we limited our comparisons

01(11MF(3)

to harmonic distortion. Fig. 3 represents simulated results of output H(Tl)(s) = 2
amplitude fundamental, second and third harmonic voltage (dBV), '$+ crdipF(s)

versus input drive voltage (dBV), for a fixed input modulating H»E?)(Su 59) = @HQ)(SI + 59)

frequency of 5 kHz (4%,,). These results were extendedfpo= 0.6 diyg

V, which is the point where the PLL was found to loose lock, and N Pl H (s1) H (s2) 3)
therefore may be considered the ultimate limit of the PLL as an FM da
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Fig. 6. First-order transfer function for PLL FM discriminator with activeFlg' 7. Second-order distortion for PLL FM discriminator with active loop

loop filter. flter.
3 dsnr 1) [H3(w)/H1(w)| (dB)
H;-)(Sh.92,,93):E—FH~([v)(S1 -|—SQ-|—83) _-
diy -85 . e e
d: o . . ]
: { [1 — P2 H (s1) H{Y (s2) H{P (55 )} 95 ] —_—
d3n ]
2 d. . -105 5
-2 [H&l)(sl)yﬁ(@, 53) 3
3danm 115
+ HY () B (5. s5) ; /
) ) -125 5
+H§' ) (53)H§ )(SZa Sl):| } (4) / — Equal VCOs 3rd Order IMD
-135 7 * Linear MOD-VCO 3rd Order IMD []
: / + Linear PLL-VCO 3rd Order IMD
Expression (3) shows that a system free of second-order distortion '1450_01 T 01 T 1

can be obtained if the following relation between the two second-
degree VCO coefficients and the linear transfer function is verified:

Fig. 8. Third-order distortion for PLL FM discriminator with active loop
filter.

W/Wn

don,
oM _ Hg)(sl)H(T])(t‘;z).

dap

(1)
Furthermore, if also a similar relation is met for the VCO's thirgP0le at DC,H;~ becomes

degree coefficients and the linear transfer function
g Cldlfl/B(S—Zl)

s24+c1diA/B(s— z1)’

A (5) = @)

d3ns )
B 0 (50 L (52) S () ©)
In this casew, can be controlled with;. Since this is an active

an in-band nonlinear distortion free transmission system is found.filter, its gain,A/ B, can now be used to optimize the system’s linear
Since, in the sinusoidal steady state regilﬁg)(]’w) will change transfer function flatness, within the required bandwidth (see Fig. 6).
in amplitude and phase, a more or less complex IMD behavior witjoreover, because there is no term in the denominator, other than
frequency should be expected for such a linearized FM modefn., that is different from the numerator ones, the system’s phase
Because it is dependent on the ratioslef; /dsp. dsaz/dsp, and on delay is also reduced [12]. The linearization condition is then easily

Hﬁ,”(jw), we can preview that a careful selection of the modulatdPets whiqh _has a direct impact on the syste_m’s nonlinear distortion
and discriminator VCO's associated with a wise design of the pLgharacteristics, as can be observed from Figs. 7 and 8. In fact, the
loop filter, F(s), would enable a reasonably tight control of the/Se Of.thIS type of LPFHprowdes a useful distortion compensation
system’s nonlinear distortion. bandwidth up to abou?.5w:,.

In order to evaluate that possibility in more detail, let us consider

the particular situation of identical modulator and discriminator V. CONCLUSIONS
VCO's: dinr = dip = di, dear = d2p = dz, anddzar = dap = A nonlinear Volterra series analytical model up to third order
ds. was presented for an FM transmission system composed of a VCO

Noting the form of the first-order system’s transfer function (2), inodulator and PLL discriminator. By considering a practical im-
is obvious that, in this case, (5) and (6) are approximately verifigfliementation of a PLL with simultaneous nonlinear VCO and phase
when the maximum FM modulation frequenay.., is such that detector, it was possible to conclude that a sinusoidal PD is, by far, the
wm &K |c1 - dy - F(jwm)|. For each VCO-PLL combinationy,, — determinant source of nonlinear distortion. Using a linear PD, a partial
strongly depends on the PLL'’s loop low-pass filter (LPF). cancellation between IMD components generated by the modulator

Because a general approach to this problem was already addredse® and PLL VCO was detected. This led to the determination
in [12], the present analysis will be particularized for the more oftesf the theoretical optimum IMD condition of equal modulator and
used active loop filter. Assuming the loop filter's zerozatand the demodulator VCO’s. That is a rather intuitive IMD cancellation
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condition, since it is clear that if the two VCO'’s are equal, and the

PLL is locked with a null frequency error, the develogédt) (which

(6]

is also the PLL VCO input) must exactly follow the modulator input

voltage V;(¢).

(7]

As the proposed model predicted different IMD cancellation behavyg
ior for distinct PLL linear characteristics, a practical PLL configura-
tion including an active loop filter and triangular or sawtooth PD was
studied. For that, useful second- and third-order IMD cancellatioi®] Y. Takahashi and Y. Ishiakawa, “Approximate analysis of harmonic
margins up to2.5w, were obtained, which proves the practical
relevance of this study.
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