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Frequencies

Yichuang Sun and Chris Hill

Fig. 15. PLL jitter having 500 K, 1 M, and 2 MHz loop bandwidth (with and

without VRCC).
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Abstract—This brief describes a new low-power fully differential
second-order continuous-time low-pass filter for use at video frequencies.
The filter uses a single active device in combination with MOSFET resis-
tors and grounded capacitors to achieve very low-power consumption and
large dynamic range. The ideal integrator is realized using an internally

o8 " compensated op-amp consisting of only current mirrors and voltage
Specifications -35um CMOS 0.35um CMOS buffers, while the lossy integrator is implemented by a single passiveC
circuit model behavioral model . . " . R
circuit. The filter has been simulated using a CMOS process. Results show
Cycle-to-Cycle jitter 18ps +12ps that with a single 5-V power supply, cutoff frequency can be tuned from
Initial Lock In time ous Tous _3.5 to 8 MHz, dynamic range is better than 67 dB and power consumption
is less than 1.7 mW.
VCO tuning range 120MHz~800MHz 120MHz~800MHz . X o L
- Index Terms—Active filters, analog circuits, CMOS circuits, low power
Vdd jump of +80ps (with VRCC) +20ps (with VRCC) design, op-amp.
600mVpp +230ps (w/o VRCC) +220ps (w/o VRCC) '
PLL jitter +80ps (with VRCC) +21ps (with VRCC)
AC IS’°W3_T_'S_“PP1Y +600ps (w/o VRCC) +110ps (wfo VRCC) |. INTRODUCTION
ensitivity at 20MHz/600mV Square wave | at 20MHz/600mV Square wave _ o ) _
CPU time of locking 21700 se0. 10 w0, _ In recent years contlnuous_-tlme filters haye played an !ncreasmgly
process important role in low-power high-frequency signal processing applica-
CPU time of jitter simula- 6050 sec. 220 sec. tions. Analogue filters often have much lower power consumption and
tion with a quiet supply require less chip area than a digital filter with the same characteris-
CPU time of jtter simula- 6165 sec. 314 sec. tics. One approach to analogue filter design which is particularly well
tion with a supply transient established is the MOSFET-C filters [1], [2]. MOSFET-C filters gen-
erally use op-amps embeddedR( circuits. This limits the high fre-
guency performance of the circuit due to the limited bandwidth of the
REFERENCES op-amp. Recent attempts to overcome this problem include the use of

a BIiCMOS process to produce an op-amp with a very large bandwidth
[3] and use of alternative active elements such as a current conveyor [4].
So far in most continuous-time filter designs, multiple active devices
have been used. This has limited the performance of power consump-
tion and chip size and may not be suitable for application in stringent
portable equipment.
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The op-amp consists of only voltage buffers and current mirrors, th
simplifying the design and aiding integration. -

i i ; ; : i + Vo
The primary aims in the design of the filter are summarized belovxVI 1st, U(sts+1) O Vo

1) power consumption as low as possible;

2) design readily adaptable to integration: The design should have
few or preferably no resistors in the filter signal paths and smdll9- -
capacitors, ideally grounded in order to minimize the effects of
parasitics.

3) total harmonic distortion below 1%;

4) dynamic range greater than 60 dB; v,

5) implementation in a CMOS process;

Second-order filter structure.

-

V. Vout- R2 2
6) tuneable cutoff frequency. 1 o
The brief is laid out as follows; Section Il discusses filter structure:y, T Tvo
Section Il examines practical aspects of the design and presents Vien- o
transistor level design; and simulation results are given in Section Vous R

followed by conclusions in Section V.

S<
:
;
I
O
s

Il. FILTER STRUCTURE

Fig. 1 shows the structure of a commonly used second-order
low-pass filter [6]. The circuit is comprised of three elements; apig. 2. Second-order op-amp MOSFET-C filter.
integrator, a lossy integrator, and a summing junction. If the circuit has

unity feedback, the transfer characteristic of the filter can be derived as . .
on frequency. In order to support a fully differential structure and also

Vo (s) 1 wE 1 to minimize the distortion due to the MOSFET resistors [1] the op-amp
Vi(s) snm+sn+1l  s2+ S+ w) (1) must have two pairs of differential inputs and a pair of balanced output.
giving the quality factor A. 4-Input 2-Output Op-Amp

1/2 Any op-amp is essentially a three stage amplifier: a differential input
Q= <T_2> (2) stage which is usually a transconductor; a transimpedance voltage am-
71 plification stage, with dominant pole compensation; and a buffer to
lower the output impedance. The requirements of this particular design
differ from a standard op-amp in two important ways: the input stage
vy = 1 3) must be able to support a wide range of input voltage without clipping
(7172 )12 and the gain of the op-amp must be well controlled and tuneable, with
respect to frequency. The design chosen is shown in Fig. 3. The struc-
The dc gain of the filter is equal to one. ture is based on a number of interconnected current conveyors, each
From (3) it can be seen that variation of the cutoff frequency can Bgiving a resistance to control the transconductance of the input stage.
achieved by altering the value of the product,. However, in order |n order to aid integration the design uses only two different circuit ele-
to maintain the of the filter at a constant leveb /7 must remain a ments: voltage buffers and current mirrors as shown in Fig. 4. Because
constant, i.e. of the square law nature of the transistors the buffers possess good lin-
earity and a maximum output current four times the bias current, giving
= k. 4 good efficiency. In order to improve the output impedance of the cur-

rent mirrors the output is via cascode transistors M3 which are biased
This implies that the proportional adjustment must be the same for betgm analogue ground.

and the cutoff angular frequency

= |E)

1

time constants. .It is also possiple to have. tuned@blwith fixed wo. If the output impedance of the current mirrors and the input
This can be achieved by changingandr with the same amount but impedance of the buffers are both sufficiently high, then the circuit
opposite direction. will behave like an ideal integrator and have a transfer characteristic of
lll. 1 MPLEMENTATION Ti(s) = gm (5)
sCy

Inspection of Fig. 1 shows that if a simple MOSFET-C stage is used ) ) .
as the lossy integrator only one active element is required to realy8€rég- is the transconductance of the input stage given by
the ideal integrator and summer. The realization of Fig. 1 uses an in- 9
ternally compensated op-amp as the ideal integrator and the lossy in- gm = R+ 2Ro
tegrator is synthesised with a simgRC circuit, as shown in Fig. 2.
Compared with traditional two integrator loop filter designs that usehere R, is the output impedance of the buffers at the input. The
at least two op-amps, the new realization requires only one op-ampolitput impedance of the buffers is desired to be as low as possible,
should thus have reduced power consumption, reduced chip size an@mthe presence &o limits the tuning range, especially at low values
creased dynamic range. The filter in Fig. 2 is different from traditionalf R, . For this reason, transistors M3 and M4 are chosen to be quite
single op-amp filters which use an op-amp embeddedR?€aetwork large. Simulation of this circuit showo to be close to 3.5®.
and are not integrator based. It also differs from active-R filters since itEquation (4) requires that the same degree of tuning is applied to both
uses the capacitor for the lossy integrator. The op-amp integrator hasree constants, i.e; = R-» and the output impedance of the op-amp
differential input and its output impedance is low and not too dependestitould equa? R . This is achieved by reducing the bias current at the

(6)
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Fig. 3. Op-amp structure.

l I Voo
b M4 b 1ot .

U g ™ (RO
l'b M3 Ml | |[me M3l L

out

(2) (b) (©)

Fig. 4. Components of op-amp circuit. (a) Buffer. (b) N-channel mirror. (c) P-channel mirror.

outputs by a factor of 4, making the transfer characteristic of the lossytput is kept at 2.5 V. Dimensions for transistors used are given in
RCintegrator Table I.

‘ 1
Ix(s) = 5Cs (B + 2Ro) + 1 (") " B. Passive Components

The dc voltage at the output of the op-amp is controlled by a commonT he tuning range of the MOSFET resistors is very poor with a 5-V
mode feedback network in order to provide the balanced output nece@wer supply and also conflicts with linear range requirements. This
sary to drive the MOSFET resistors. The common mode feedback gien be increased by adding further transistors in parallel [3]. This tech-
cuit consists of eight buffers with dimensions different from the buffemique is illustrated in Fig. 5. Each MOSFET has its gate connected to ei-
at the input and output of the op-amp. The dc voltage at the op-arier the tuning voltag&:.... or to ground effectively removing it from



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 48, NO. 12, DECEMBER 2001

1147

TABLE |
TRANSISTORDIMENSIONS AND BIAS CURRENTS
M1 (um) M2 (um) M3 (um) M4 (um) I, (uA)
Buffer 1 50/2 20/2 100/2 40/2 10 (input stage)
2.5 (output stage)
Buffer 2 12/2 5/2 24/2 10/2 2.5
N-Mirror 50/2 50/2 50/2 - -
P-Mirror 120/2 120/2 120/2 - -
TABLE I
DETAILS OF MOSFET RESISTORS ANDPREDICTED CUTOFF FREQUENCIES
Transistor dimensions Maximum resistance (kQ2) | Minimum resistance (k) | f, (MHz)
Roa 2/2 39.2@V e =4V 19.2@Vype = 5V 24105.9
Rup 32 22.5@V e =4V 82@ Ve =5V 4.1t08
TABLE Il
SUMMARY OF FILTER PERFORMANCE
Tuning voltage fo (MHz) Dynamic range (dB) Power consumption THD (%)
(mW)
Vei = Ve, Ve =0 341062 >67dB 1.68 <0.8%
Ver1 =0, Ver = Vigre 5.0t0 8.0 >70dB 1.68 <0.3%
_ 10
V 0
tune fc=8 b
VC_‘_\, \,_ch .10 i
— fc =34MHz
@ 20
O,
R, | 1 =
—r —_— ° 0
T £
L -50
€0 8
= -70
1.0E+05 1.0E+06 1.0E+07 1.0E+08
Fig. 5. Scheme for extending tuning range of MOSFET resistors. Frequency Hz]

the circuit. This design uses two parallel MOSFETS to give two oveEgmeg ra';r;guency response offilter (dB), showing the maximum extent of the

lapping tuning ranges, however additional transistors may be added to

further increase the tuning range if desired. 0.8
In order to simplify the design and satisfy the conditions imposed il:,E 073
Section Il the resistors used have identical valued#pandR,. This = \
leads to a convenient 4:1 ratio fofi andC’ to achieve a Butterworth ¥ 0.6 \
response@ = 1/,/2). Values chosen for this filter are 4 and 1 pF, ;é 0.5 o Series
respectively. Details of the resistors used are shown in Table I, togetho 0.4 e Series2

with predicted cutoff frequencies.
There can be other design procedures. For example, we may choc@

Vid =

0.3

C1 = CyandR; = 4R». The outputimpedance of the op-amp shouIdD 0.2 AN
then be equal tdio /2. % 0.1
0
IV. SIMULATION RESULTS 4 41 42 43 44 45 46 47 48 49 5

v
The filter was simulated using a;2n Level 2 CMOS process with une

Eon = 53.6 pAIV? , kop = 21.05 pAIV?, Vi, = 0.855 V, andVr,, = Fig. 7. THD (%) as a function df;.,. for a LMHz 500-m\{,;._ i, differential
—0.8112 V. The stimulated frequency response of the filter is shown iinput signal. Series V1 = Viune; Vez = 0 V. Series 2V, = 0V;
Fig. 6 and details of cutoff frequencies are shown in Table III. It can Bé&2 = Viune-
observed that the upper cutoff frequencies match closely that predicted
in Table Il in Section 1lI-B, although the lower cutoff frequencies ar¢o the finite output impedance of the current mirrors limiting the open
slightly higher than expected. It can also be seen that at lower blasp gain of the op-amp. It can be noted that theof the circuit is
voltages the dc gain drops by up to 2.4 dB. Both these effects are dlightly higher than expected, due to excess phase in the integrator.
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Dynamic range was simulated using the definition of CFOA Based Inverting Amplifier Bandwidth Enhancement
J. Bayard
"iﬂax
DR = 20log | ——2 8
' [(V,ﬁ)”z} ©

Abstract—A theoretical study of the high frequency characteristic of an
inverting amplifier based on a current feedback operational amplifier is

, . . o F2N1/2 presented. It is shown that the amplifier bandwidth and step response can
whereVmax is the '_npUI Ievm_al W_here THD= 1% and (Vy;) . is the be improved using a pole—zero compensation technique. Simulation and
mean-square-root input noise integrated over the bandwidth of the @ifperimental results agree with the theory.

cuit. Simulation results show the DR to be in excess of 67 dB over
the entire tuning range. As expected the DR increasek.as in-
creases, due to increased linear range and reduced resistance in series

with the input. Simulation also shows that power consumption of the |. INTRODUCTION
filter is less than 1.7 mW, which is very low for two pole filters. Dis-
tortion performance is shown in Fig. 7 as a functionl®f,. for a
1-MHz 500-mV,—p1 differential input signal. Results are shown for°
both tuning ranges. A summary of simulated dynamic range, po
consumption and distortion is given in Table IlI.

Index Terms—Current feedback operational amplifier.

Compared with their voltage mode counterparts, current feedback
perational amplifiers (CFOAs) have a wider bandwidth and also a
igher slew rate. So, CFOA-based amplifiers have a higher frequency
response than that of voltage mode operational amplifiers and are in-
creasingly used in analog signal processing [1]-[8]. A study on CFOA-
based noninverting amplifiers has already been described [9]. So, in this
brief we will only focus on CFOA-based inverting amplifiers. We will
demonstrate that their good high frequency response can be further im-

V. CONCLUSIONS proved by choosing an optimal value for the feedback resistor and by
using a pole zero compensation technique.
Presented in this brief is a differential second-order filter suitable for
full integration in a standard CMOS process. The filter uses a structure Il. FEEDBACK RESISTOROPTIMIZATION
based on MOSFET resistors and a single op-amp in order to reduce thg ) o o
complexity and power consumption of the circuit. The filter containF The CFOA equivalent circuit is shown in Fig. 1 and the topology

only grounded capacitors so as to minimize parasitic effects. Even order? CFOA-based inverting amplifier is shown in Fig. 2, where for

| " . . now we assume thaty = C> = 0. For an ideal CFOAi{, = 0,
nonlinearities are cancelled by the use of a fully differential structure.” . . i

. T . .. =iz, v: = vy andvg = v.) a nodal analysis leads to the following
Power consumption for the circuit is less than 1.7 mW. The filter cuto@f L

- o losed-loop gain:
frequency can be adjusted over one octave and the high impedance
tuning port eliminates the need for a low impedance tuning voltage. vo _ Rs L
A technique is described which overcomes the inherently poor tuning v Ry @
range of the MOSFET resistors. _ _ o 3
This brief has verified the proposed ideas. Further work is underwayThis value is a good approximation of the amplifier response for the
to consider low supply voltage and highfilter design using sub-mi- lowest frequenc_:les but_not for higher fr_equenmes where the sm_1ple ap-
cron CMOS technology; quantify the chip area by practical implemeRIoach, assuming an ideal CFOA, fails. To understand the high fre-
tation, although it is generally known that a single-amplifier biquad h&4&/ency response of CFOA-based amplifiers, a two-pole model can be
smaller chip size than an multiple-amplifier biquad, as claimed in ﬂ’l@ed to describe the open-loop transfer function
brief; and evaluate other practical performances such as mismatch ef- i
fects. vo= xRt (2)
(1+7s)(L+71s)

The dominant poles; = 1/7 is due to the current source output
impedance. The time constantis equal toRr Cr where Ry is the
current source output resistance arig the parasitic capacitance on
[1] M. Banu and Y. P. Tsividis, “Fully integrated actiRC filters in MOS the nOdef Th.e second potas due to the CFOA ﬂr.St stage current mir-

technology,”|[EEE J. Solid State Circuitsiol. 18, pp. 644651, Dec. 'Ors. Taking into account (2) the closed-loop gain becomes a two-pole
1983. characteristic equation
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Principle, Designs and Application¥. P. Tsividis and J. O. Voorman,
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