N
N

N

HAL

open science

CMOS RF switched capacitor bandpass filter tuned by
ring VCO
Ahmed El Oualkadi, Jean-Marie Paillot, Hervé Guegnaud, Rachid Allam

» To cite this version:

Ahmed El Oualkadi, Jean-Marie Paillot, Hervé Guegnaud, Rachid Allam. CMOS RF switched ca-
pacitor bandpass filter tuned by ring VCO. International Journal of Electronics and Communications,

2005, 59, pp.352 - 358. 10.1016/j.aeue.2004.11.008 . hal-00947402

HAL Id: hal-00947402
https://inria.hal.science/hal-00947402
Submitted on 17 Feb 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/hal-00947402
https://hal.archives-ouvertes.fr

AEU Int. J. Electron. Commun.
50 (1996) No. 1, 127-128

© Gustav Fischer Verlag
Jena 127

CMOS RF Switched Capacitor Bandpass Filter Tuned
by Ring VCO

Ahmed El Oualkadi, Jean-Marie Paillot, Hervé Guegnaud, and Rachid Allam

Abstract A new RF switched capacitor bandpass
filter and its command circuit made up of a ring
voltage controlled oscillator with "XOR’ gates are
proposed. Implemented in a standard 0.35 pm
CMOS technology, this circuit is intended to be
used in a subset of professional mobile phone ap-
plications [380-520 MHz]. Experiments carried out
on a prototype show a tunable center frequency
range of 260 MHz [240-500 MHz], with a quality
factor that can be as high as 300.

Keywords Analog IC, Tunable filters, Switched ca-
pacitors, High-Q, Ring VCO.

1. Introduction

The growth in wireless communications systems, such
as cellular telephony, demands continuous efforts to-
wards the improvement of radio frequency (RF) per-
formances of integrated filter devices. For few years,
switched capacitor structures have been widely used
for the design of stable, accurate and high-Q filters
for operating frequencies below the megahertz range
[1, 2]. An attractive feature of these filters is the pos-
sibility to be implemented by using a low-cost CMOS
technology, which guarantees a great increase in their
operating frequency range [3, 4].

However, the main advantage of switched capaci-
tors filters over the passive ones is their center fre-
quency which is easily tunable over a broadband of
frequencies by an internal or external command cir-
cuit. In addition to this, they can be fully integrated
in silicon, unlike surface acoustic wave (SAW) filters
which are generally off-chip [5].

The critical limitation of switched capacitors fil-
ters is related to the construction of the RF com-
mand circuit. In this paper, an original solution is pro-
posed, which uses a ring voltage controlled oscillator
(VCO) associated with 'XOR’ gates to command the
switches. The new association of such command cir-
cuit and the switched capacitor filter provides broad-
band tuning in the RF range, allowing to sweep dif-
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ferent channels with a high quality factor. This kind
of filters could be a very attractive solution for the
design of zero IF (intermediate frequency) receivers
used in radio communication systems.

2. Switched capacitor filter

2.1 General principle

The behavior of the proposed filter can be explained
by the theoretical approach of the N-path filters. Sev-
eral papers [6, 3, 2] have already described this kind
of filters.
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Fig. 1. General structure of N-path filter (Sampling filter).

The schematic of an N-path filter is shown in Fig. 1.
The N cells of this sampling filter are successively ac-
tivated by command signals applied to the switches.
These cells are identical first-order RC low-pass fil-
ters. Their transfer function and the impulse response
are respectively noted H(f) and h(t).

In a first approach, the command signals of the
switches are considered to be Dirac’s impulses d(t)
spaced by a To period. Then, the total transfer func-
tion Hs(f) of the filter is the result of the transfer
function of the elementary RC low-pass filter trans-
posed around the switching frequency (Fo=1/Ty) and
all their harmonic components (Fig. 2). Consequently,
this sampling filter can be used for clock recovering
[7, 8] by filtering the harmonic components. It can
be also used as bandpass filter centered around the
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Fig. 2. Theoretical transfer function obtained with com-
mand Dirac’s impulses.

fundamental switching frequency Fo. This application
will be discussed in the present paper.

2.2 Switched capacitor filter design

Due to the complexity of the previous architecture
(Fig. 1) at very high frequencies and particularly to
the difficulty of performing an ideal switching, the
proposed filter has the configuration shown in Fig. 3.
This simplified structure presents, under some con-
ditions, properties identical to the proprieties of the
N-path filter [9].

The switches are implemented by using NMOS
transistors sequentially controlled in ON-OFF states.
Thus, they are successively closed with a switching
period Ty, during a time Tq/N.

Concerning the general principle, the number of
cells could be odd or even, and the choice of cells num-
ber could be discussed according to filtering require-
ments of targeted applications. To limit chip com-
plexity a number of eight cells (N=8) is chosen for
this study. This number seems to be a good trade-
off between selectivity (in first approximation [10],
Q=7.N.R.C.Fy) and chip complexity.

The switching transistors size is critical and should
be optimized. Indeed, the transposed transfer char-
acteristic is not only due to the RC components, but
integrates the parasitic resistance Ry,,. This resistance
provides a zero in the elementary transfer character-
istic which generates the 'floor’ of the filter. Conse-
quently, a large width gate of switched transistor in-
sures a low R, resistance and a significant parasitic
capacitance Cgs. Such a choice limits the filter band-
width and attenuates the dynamic range of the filter.
With a small width gate, the C4s value is negligi-
ble but the R,,, resistance value is important. Under
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Fig. 3. Switched capacitor filter schematic, with eight
switched capacitors.

these conditions, the dynamic range is still degraded
by the increase of the 'floor’ of the transfer charac-
teristic. Transistors used in this design are channel N
MOSFETs composed of six fingers with an elemen-
tary gate width of 25 ym and a length of 0.35 pm.
These transistors present a resistance R, of 30 2 and
a drain-source capacitance Cgys of 0.06 pF, to give an
optimal dynamic range.

3. Filter command circuit

3.1 General principle

The main role of the command circuit is to generate
the switching signals to commutate the capacitors.
The classical command circuit was generally imple-
mented using a shift register. That solution, which
required a clock frequency equal to the center fre-
quency of the filter multiplied by the number of cells
to commutate, was exclusively used at low frequen-
cies. Therefore, a new command circuit is proposed.
It consists of a ring voltage controlled oscillator with
"XOR’ gates.

First let us consider a ring VCO consisted of N
differential delay cells (Fig. 4).

Phase

Fig. 4. Ring VCO with N differential delay cells.
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If a phase crossing is made in the loop, then the
ideal input and output signals of one cell are shown
in Fig. 5. An "XOR’ gate between the input and the
output, allows to get the required impulses for which
the period and duration are respectively equal to To
and To/N. Then the N command signals of the filter
are obtained by placing N "XOR’ gates between each
delay cells.

Input : J ‘ T

T.o=2N1

Output :J ‘ ‘7

ouput: || B e
T =To/N To=Nx

Fig. 5. Theoretical command signals obtained at the
"XOR’ gates ouputs.

This proposed solution for generating the command
signals is completely independent of the choice of the
cells number. Then, it can be applied whatever this
number (odd or even), and it must be equal to the
switched capacitors number of the filter.

3.2 Filter command circuit design

To command the proposed switched capacitor filter
(Fig. 3), a command circuit with eight cell is suffi-
cient. Fig. 6 shows the proposed command circuit,
the ring VCO comprises eight identical differential
delay cells. Each cell is based on two NMOS tran-
sistors composing a differential amplifier (Fig. 7), to
provide both the gain and the delay required for the
oscillation phenomena.

The total delay cumulated with the eight cells is
equal to 2.Ty, and imposes a Fy/2 oscillation fre-
quency. The delay generated by one cell depends on
the time-constant R,.C,,. The C, capacitance is due
to the 0.35 pF capacitor placed between drain and
source of each PMOS transistor. The R, resistance
corresponds to the differential resistive load, which is
obtained by PMOS transistors working in triode op-
eration region. The oscillation frequency is tuned by
controlling both the common current source and the
bias point of the PMOS transistors which modify the
R, value, between 800 2 and 1.5 KQ.

1
i
1
1Ring VCO core
1
1
1
1

Fig. 6. Command circuit consisting of ring VCO with
"XOR’ gates.
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Fig. 7. Delay cell with NMOS differential amplifier.

According to the general principle, the ring VCO
period with N=8 delay stages is roughly 2.N times the
delay per stage. This translates to a center frequency
of :

Foos~—Lt o 1
0sC N T V3 N.Cp Vo

The PMOS gate bias voltage controlled the full I
current flowing through the load device R,, with a
drain to source voltage of Vg, is seen across it (Fig.

7).

1

FoseRanoom;

Fortunately, differential delay cells with PMOS ac-
tive loads are easily tuneable over a wide range of
frequencies. Knowing the main characteristics of the
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CMOS technology, it is possible to determine the fre-
quency range [11].

This oscillation frequency range is limited at low
frequency by the large swing of Vg, voltage. This
swing voltage must stay in the linear region to avoid
the saturation effects which would generate some dis-
tortions.

Interestingly, the maximum output frequency has
the same technology dependence as the unity current
gain frequency of the individual devices, fr. Conse-
quently, the maximum oscillation frequency is limited
by the loop gain which theoretically must be higher
than 1.

Fig. 8-a shows the architecture used for the "XOR’
gates. To generate the Fo/2 frequency the ring VCO
requires eight differential amplifier delay cells provid-
ing the delayed output signals (0°-180°).

b

U:J\T

*T

>\T

(b)

Fig. 8. "XOR’ gate, (a) architecture of the "'XOR/’ gate, (b)
electrical schematic of "XOR’ gate.

Moreover, in order to respect the symmetry of the
ring VCO delay cells, the input 'XOR’ gates are
identical and consequently present the same input
impedance, which is equal to 63 KQ at 500 MHz
switching frequency. The delay cells loads should be

smaller than the "XOR’ gates input impedance val-
ues not to modify the elementary time-constant. The
"XOR’ gates generate command impulses from the de-
lay cells inputs and outputs. This is achieved by using
NMOS transistors of 1x1x0.35 um? gate size. Never-
theless, the low gate size of these transistors cannot
provide the necessary current to drive the switching
transistors, which have a gate width of 6x25 um for a
length of 0.35 um. Consequently, a buffer consisting
of five stages is implemented to ensure the switching
(Fig. 8b).

4. Simulation results

The performances of this switched capacitor filter are
simulated by using the Agilent ADS software [12],
which uses the conversion matrices formalism [13].
This nonlinear analysis method has proved to be the
most rigorous and effective in term of CPU time [14].
Its application for the behavioral analysis of this fil-
ter is an original approach. The schematic models of
the electrical components used in the simulation have
been provided by Alcatel, Bruxelles, which fabricated
the prototype.

4.1 Characteristics of the ring VCO with
’XOR’ gates

The gate sizes of NMOS and PMOS transistors of
the ring VCO are optimized to be respectively equal
to 4x6x0.35 pm? and 3x4x0.35 um?. Consequently,
the ring VCO output frequency F,4. is adjustable be-
tween 160 MHz and 270 MHz (Fig. 9) by controlling
the current source of the delay cells between 0.65 mA
and 1.06 mA.

280

260

240
220 /

200

180

Oscillation frequency (MHz)

160

060 065 070 0.75 0.80 0.85 0.0 095 1.00 1.05 1.10
Ids (mA)

Fig. 9. Simulated oscillation frequency versus bias current
of the ring VCO.
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For the ring VCO design, a special attention was
given to the temporal waveform signals in order to
limit the time jitter [15]. In these conditions, the
phase noise obtained is roughly -111 dBc¢/Hz at 1-
MHz of the offset frequency (Fig. 10). According to
targeted applications, it would be interesting to as-
sociate this VCO with a phase locked loop (PLL) to
reduce the phase noise.

-20

B m1
., Offset frequency=1.000MHz

4 Phase noise=-111.263 dBc/Hz
-60 _|

-40

-80

-100 _|

Phase noise (dBc/Hz)

-120

-140

\ | |
1E3 1E4 1E5 1E6 1E7

Offset frequency (Hz)

Fig. 10. Simulated phase noise spectrum of the ring VCO.

Fig. 11 presents the command signal waveforms
x1(t), x2(t) and x3(t) respectively applied to the first,
second and third switches for a switching frequency
equal to 500 MHz. The impulse magnitude is higher
than 3 Volts, allowing to get a low R,, value of the
switch. The design of the switches is done so as to
avoid the insertion losses generated by impulses over-
lap (i.e. the intersection level between two succes-
sive impulses lower than the threshold voltage of the
switches).
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Fig. 11. Simulated command signals for three successive
switches.

4.2 Characteristics of the switched capacitor
filter

The dynamic range of the transfer characteristic and
the noise figure of the filter are improved by replacing
the input resistor of the filter by an inductor. For this
new configuration the insertion losses are decreased
and consequently the dynamic range is enhanced.

Table 1. Simulations Results.

Parameters

Voltage supply (Volt) 3.3
Current consumption (mA) 26
Tuning frequency range (MHz) 320-500
-3 dB Frequency bandwidth @ Fy (MHz) 0.9
Quality factor 355-550
Insertion loss @ Fy (dB) 2.5
Dynamic range (dB) 25.5

1 dB input compression point @ Fy (dBm) -5
Noise figure @ Fy (dB) 7

The main simulation results for this new design
configuration at a switching frequency equal to 500
MHz are summarized in Table 1. For these simula-
tions of the whole circuit, all parasitic effects particu-
larly the parasitic elements of the inductor are taken
into account. This filter presents an adjustable center
frequency between 320 and 500 MHz with a constant
bandwidth of 0.9 MHz. This assures a quality factor
range between 355 and 550 according to the center
frequency.

The current consumption of the whole circuit is rel-
atively high but has not been optimized. Then, the
total consumption is less than 26 mA, which are di-
vided up as follows: 8 mA for the ring VCO, 18 mA
for the Xor gates and the buffers. In the future, this
current consumption must be decreased to assume all
the interest of this circuit. This can be performed with
the use of an higher f7 technology.

5. Experimental results

To validate the proposed design approach, a proto-
type was fabricated using a standard 0.35 um silicon
CMOS technology. The choice of this technology is
justified by the application of this switched capaci-
tor filter in the field of low-cost wireless communi-
cations. External networks allow input/output 50 2
matching. When the command circuit is tuned off, all
the switches are inactive (OFF), and the measured
So1 parameter presents a resonance due to the exter-
nal matching networks, this is the reference response
in the Fig. 12. This one is compared with the mea-
sured transfer characteristic centered at a switching
frequency closed to 300 MHz.
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Fig. 12. Measured frequency response around a switching
frequency closed to 300 MHz.

The measured results at both 300 MHz and 500
MHz switching frequencies are summarized in Table
2. The obtained results with this prototype show a
tunable center frequency band of 260 MHz [240-500
MHz].

Table 2. Measured Results.

Parameters @ 300 @ 500
MHz MHz
Voltage supply (Volt) 3.3 3.3
Current consumption (mA) 26 27
-3 dB Frequency bandwidth 0.970 3.4
@ Fo (MHz)
Quality factor 310 140
Insertion loss @ Fy (dB) 4 1
Dynamic range (dB) 18 12
1 dB input compression -9 -9
point @ Fo (dBm)

Measurements at 300 MHz demonstrate interesting
performances; the bandwidth is equal to 0.97 MHz
(0.9 MHz simulation result), and the quality factor is
roughly 310. However, the quality factor is reduced
for the higher switching frequencies; thus, a quality
factor of 140 is obtained for a switching frequency
close to 500 MHz.

The difference observed between the simulation and
measured results is due to the lack of accuracy the
models present at high frequency harmonics of the
switching signals.

For higher frequencies applications, a CMOS tech-
nology with a higher fr (frequency transition) will be
suitable to improve the performance of this circuit.

To improve the dynamic range, two approaches
should be investigated. It will be performed either to
increase the gain in the bandwidth or to decrease the
"floor” at the outside. The gain could be improved
by using a faster technology with an higher f7, which
would provide a wider band behaviour. Thus, it would
be easier to generate rectangular switching commands
to limit losses. It must be also mentioned that the use
of a such technology could optimize the command cir-
cuit structure. Moreover the floor depends on the R,
switches resistance, which can be reduce by increas-
ing the switching transistors size. If this increase is
realized without changing the technology, then the
Cys value becomes too important and degrades the
switching commands. However, if a higher fr tech-
nology is used this increase allows to reduce R, and
the floor, while Cy4, becomes less important.

6. Conclusion

A new circuit based on the association of a switched
capacitor bandpass filter and its command circuit has
been presented. This filter device is tunable over a
broadband in the RF range by using a ring voltage
controlled oscillator in 0.35 um CMOS. Moreover, it
is fully integrated and presents a high selectivity over
the tunable frequency band. Commonly, such perfor-
mances are not, simultaneously present in one device.

The obtained simulation and measurement results
demonstrate the validity of the proposed design ap-
proach. These results are comparable with those of
SAW filters. This circuit could be used in the field of
low-cost wireless communications as a subset of pro-
fessional mobile phone.
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