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Abstract

A novel first-order active-RC polyphase filter section, using current differencing buffered amplifiers (CD-
BAs), is presented. The section uses 6 resistors, 2 capacitors, and 2 CDBAs. The transfer function of the
proposed section has a single pole and optionally a single zero. Increasing the number of cascading sections,
any higher order polyphase filter can be realized. This paper also introduces the leakage caused by element de-
viation and the effects of the amplifier in nonideal cases. Furthermore, nonideal performances of the proposed

filter section are tested with PSpice simulations.
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1. Introduction

Polyphase filters are indispensable for recent wireless communication systems. They are used for in-phase and
quadrature-phase signal generation and image rejection in the analog front end of radio frequency integrated
wireless transceivers [1-3]. RC-polyphase filters were employed in the 1970s [4,5]. Today’s applications of
polyphase filters are based on zero- and low-IF receivers. The asymmetric polyphase filter makes it possible
to suppress the mirror signal not only at high frequency, but also after quadrature demodulation at a low
intermediate frequency (low-IF). Integrated circuit implementations of the polyphase filters are state of the art
[6-8].

Polyphase filters can be either passive or active. Passive polyphase filters are built of only resistors and
capacitors [1,7,8]. Active polyphase filters consist of gain blocks with resistors and capacitors. One of the
main advantages of active over passive polyphase filters is that active polyphase filters are more suitable for
monolithic integration than their passive counterparts [6]. Another advantage of active over passive polyphase
filters is that, in a receiver, a small wanted signal can be surrounded by large neighboring signals, and this
requires a very high dynamic range at the input. Such high levels of dynamic ranges can only be achieved using

active-RC techniques [9]. Although passive polyphase filters employing only resistors and capacitors have been
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widely used [1], their design for higher orders is considered complicated due to the absence of the cascading
concept to avoid loading effects [2].

Therefore, active polyphase filters have emerged using op-amps [9-11], operational transconductance am-
plifiers [12-15], current mirrors [16], second generation current conveyors [17], and current feedback operational
amplifiers [18,19]. However, the performance of current conveyor-based circuits has an advantage over that
of conventional operational amplifier circuits, which have limited bandwidth at high closed-loop gains due to
the constant gain-bandwidth product. Furthermore, the limited slew rate of the operational amplifier affects
the large-signal, high-frequency operation. When wide bandwidth, low power consumption, and low voltage
operation are needed simultaneously, the voltage-mode operational amplifier becomes very complex [20]. These
disadvantages can be eliminated using current conveyors or current conveyor-based active elements [21-23]. The
performance of current conveyor-based circuits, in terms of bandwidth, linearity, and dynamic range, is also
better than that of OTA-based circuits [24].

In this paper, a design methodology for an active-RC polyphase filter section using CDBAs is presented.
While several quadrature oscillators using CDBA have already been reported in the literature, this paper extends
similar applications to polyphase filters [28,29]. The proposed circuit employs 6 resistors, 2 grounded capacitors
that are suitable for IC implementation, and 2 CDBAs.

2. Realization of active polyphase filter

A CDBA is a 5-terminal (2 inputs, 2 outputs, and 1 ground) active element that can be used in current-
mode and voltage-mode analog signal processing circuits and filters [25,30-32]. The p-terminal of the CDBA is
positive (noninverting) input and the n-terminal is negative (inverting) input. Both of the input terminals are
internally grounded, which makes them preferable current inputs. The z-terminal is a current output and the
w-terminal is a voltage output that follows the potential at the z-terminal with respect to the ground, which is
why it is called voltage output. Low impedance inputs at the p— and n-terminals with high impedance output
at the z-terminal make the CDBA a suitable cascadable active element in the current mode. Furthermore, a
low impedance output at the w-terminal is suitable for a cascade connection when operating in the voltage
mode. The block diagram of a CDBA is shown in Figure 1. Its ideal current and voltage characteristics can be
described by:

Vo=0,V,=0,I,=1,-1,,V,, = V,. (1)

Taking the nonidealities of the CDBA into account, the above terminal equations can be rewritten as:
‘/;7 =0,V,=0,I, = apIp —anly, Vi = ﬂvza (2)

where o, and «,, are the current gains and (3 is the voltage gain. These gains can be expressed by using the
current tracking errors |e,| << 1 and |e,| << 1 and the voltage tracking error |e,] << 1 as a, =1 —¢,,
ap=1—¢,,and f=1—¢,.

According to the above equations, this element converts the difference of the input currents I, and I,
into the output voltage V,, through the impedance, which will be connected to the z-terminal. Therefore, the
CDBA can be considered as a transimpedance amplifier, and from this viewpoint, it is similar to a CFA [26].
Besides, the differential nature at the input makes this element especially suitable for fully integrated filter

implementations [32].
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Figure 1. Block diagram of CDBA.

Figure 2 shows the structure of a low-IF receiver using a polyphase filter, which is used in both I and
@ channels [7,8]. According to Figure 2, the low-IF receivers comprise a low noise amplifier (LNA), which
amplifies the RF signal and sends it to a RF quadrature mixer, which downconverts the RF signals to IF. A

polyphase filter, which follows the mixer, rejects the image and performs the channel selection.
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Figure 2. Block diagram of the low-IF receiver architecture.

The polyphase filters have 2 fully differential inputs (I; and @;) and 2 fully differential outputs (I, and
Qo). Therefore, they are defined by 4 transfer functions. These transfer functions are obtained from the set of

independent linear combinations of each input and each output.

To perform image rejection in a low-IF receiver, the filter must have a passband from positive to positive
frequencies, an attenuation from negative to negative frequencies, and no signal transfer from positive to negative
or negative to positive frequencies. The transfer functions and the circuit synthesis of such a filter can be found

by performing a linear frequency transformation on a low-pass filter characteristic.

Hurl§o) = 15570 Horle) = 150 oo ¥

where w, is the cutoff frequency of the low-pass filter and w . is the center frequency of the band-pass filter.

It should be noted that this transformation makes Hpp (jw) different for positive and negative frequen-
cies. The realization of this transfer function is given in Figure 3. Higher order filters can be realized as cascade
connections of these stages, and then every stage realizes a frequency-translated pole of the low-pass transfer
function.
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Figure 3. Block diagram of a first-order (single stage) polyphase filter.

From the block diagram in Figure 3, the input and output relations can be found, as follows:

I; 1+ jw/w, We/Wo I,

Qi 75‘)6/5‘)0 1 +jw/wo Qo

Figure 4 gives the active-RC implementation of Figure 3.
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Figure 4. Active-RC implementation of polyphase filter.
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Routine analysis of the above circuit yields:

I (1+ sRsaCy) Lite— ey L -
= 5
Qi 75_;: (]‘ + 8R3bc2) Otpz%lsz% QO

Rearranging Eq. (3), the input-to-output voltage transfer functions can be found as:

Rip(1+sR35C2) _ ani1Rig

I, 1 ap282 Rap ap1Raa I; (6)
Q A Rip Ria(14+5R3.C1) Q ’
° Rayp ap161R3a v

_ RiqsRip J (145R3,C1)(1+5R3,C2) Qn10p2
where A = Qp1Qp2 { 182 R3a R3p + RaqRop | °

Comparison of Egs. 4 and 5 shows that the passive components should be chosen as R, = R1p = R3q =
R3, = R, Ray, = Rop = R/b, and C; = Cy = C in order to realize the true polyphase filter, where:

1 we
wo—mandw—o—b. (7)

Therefore, the input-to-output voltage transfer matrix can be reduced to:

(1+sRC) _aniy

I, - 1 ap22 ap1 I; (8)
Q A b (1+sRC) Q ’
° ap1f1 v
where A = apllapz {(12511;20)2 + an1ap2b2}.

The polyphase filter function H), is equal to (H11+Ha2) /2 + j(Hi2 — H21) /2 and the mismatch function
H,, equals (Hy1 —Ha2) /2 + j(Hi2 + H21) /2. From Eq. (6), it follows that:

1 ap1fBi + apefl) . ap1 + anl
H,=—|(1+sRC) 2= —P=2=2 _ jp(— 22— 9a
P A |:( ) 2ap1ap26152 ( 2ap1 ) ( )
1 ap1fBi —apafl) | . Qp1 — Qn1
Hp= — |(1+sRC)-2——P=20 4 (0. 9b
A |:( ) 2aplﬂlap262 J ( 2ap2 ) ( )
The ideal conditions o1 = a2 = ap1 = ape = f1 = P2 = 1 of the CDBA reduce Egs. (6), (7), and (8) to:
I, 1 1+ sRC —b I;
Q. (L+sRC)?+02 |, 1+ sRC | | Qi
1 I+o —& I;
= S We 9 (10)
L+ )2+ (507 | e 14 = O;
1 .
H,= [(14 sRC) — jb]

(1+ sRC)? + b2
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- 51+ —)— =], (11a)

H,, =0, (11b)

respectively. Since H,, = 0 in the ideal case, the proposed circuit of Figure 4 realizes a true polyphase filter
with the transfer function Hp(s) in Eq. (11a).

For the quadrature signal generation, sequence-symmetric polyphase networks can be employed as a
generalized structure. Consider the single-stage 4-phase network with a positive sequence transfer function
H,(w) and a negative sequence transfer function Hy(-w). The network is driven by only 2 phases, representing
a differential input signal, if we take the in-phase and quadrature-phase components of the output phases to be

Vi and Vg, respectively. The voltage transfer ratio is then defined as [6]:

- Hp(*s)
(&) T Hy (s (12)

Substituting Egs. (9) and (12), the voltage transfer function is obtained as:

ap1fit+ap2f2 [ (a'rtl+apl) _ sapiPitapfBe

2ap1B1ap2B2 20p1 2ap1B1ap2F2
h(s) = sRC (13a)
ap1B1tap2B QAni+ap ’
(Foifranm )+ 0 (Fog )2
which is equal to:
b—j
h(s) = sRCl T2 (13b)

in the ideal case.

3. Simulation results and discussion

The proposed filter configuration, shown in Figure 4, was verified using a CMOS realization of the CDBA with
the same CMOS implementation and parameters of the CDBA as in [27]. For these simulations, the passive
element values were chosen as Ry, = Ry = R3q = Ry = R = 2 kQ, Ry, = Ropy = R/b = 1 kQ, and
C1 = Cy = C =50 pF. Therefore, b = R1,/Roq =2, w, = 1/RC = 10 Mrad/s, and w,. = b w, = 5 Mrad/s.

With the above chosen parameters, a comparison of the simulation results with the theoretical results is
shown in Figure 5. The discrepancies between the simulation and the theoretical results were as follows. The
maximum peak attenuations (peak frequencies) for the simulation and the theoretical results, respectively, were:
—4.17 dB (3.4674 MHz) and —5.2 dB (3.4674 MHz) for Figure 5a, —5.19 dB (2.884 MHz) and —6.02 dB (2.7542
MHz) for Figure 5b, —5.207 dB (2.884 MHz) and —6.02 dB (2.7542 MHz) for Figure 5c, and —3.467 dB (4.180
MHz) and —5.2 dB (3.4674 MHz) for Figure 5d. The discrepancies between the simulation and the theoretical
results were less than 1 dB up to 60 MHz.
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Figure 5. Frequency responses of the proposed polyphase filter.

The transient response for @, and I, outputs of the proposed polyphase filter can be seen in Figure 6.

For these simulations, input signals were taken as a sinusoidal voltage signal with a peak value of 100 mV and

3 MHz of frequency. The harmonic analysis of the steady state outputs revealed 0.22% and 0.14% for I, and

Q. outputs, respectively.
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Figure 6. Transient responses of the proposed polyphase filter.
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Figure 7 shows the comparison of simulated and theoretical results of the phase responses of the I,
and @, outputs. It appears from Figure 7 that the theoretical and simulated results are in good agreement,

originating from the nonidealities of the CDBA.
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Figure 7. Phase characteristics of the theoretical and simulated polyphase filter in Figure 4.

4. Conclusions

An active polyphase filter section implemented with a CDBA was presented. It used 6 resistors, 2 capacitors,
and 2 CDBAs. Although matching of the used resistors was required for the realization, this is a common
feature in many circuits and can be handled easily [9-19].

The proposed structure has the following advantages. First, it is suitable for low-IF receivers. Second,
increasing the number of cascading sections, any higher order polyphase filter can be realized. Third, it requires
only 2 active components. Fourth, all capacitors are grounded, which is more suitable for IC technology. Fifth,
all resistors are also grounded or virtually grounded, since the input terminals of the CDBAs are virtually
grounded. Sixth, a true polyphase filter is achieved with the proposed structure; since most of the nonideal

parameters have symmetrical properties tending to cancellation in the derived equations, mismatching is almost
zero.
The above properties, most of which were well verified by the PSpice simulation, make the proposed filter

attractive for circuit designers and engineers.
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