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Abstract—This paper presents a novel wide-bandwidth second
order voltage mode allpass filter derived from a canonical single
transistor bandpass filter. The core of the circuit consists of only
one transistor, two resistors and two energy storage elements. The
operation of the proposed filter is validated experimentally. A filter
implemented in IBM 0.13 ym CMOS was measured to have 55 ps
group delay across 6 GHz bandwidth while consuming 18.5 mW
from a 1.5-V supply. This work experimentally demonstrates a
CMOS allpass filter that operates at multi-GHz frequencies and
achieves the highest delay-bandwidth product (DBW) compared to
previously published CMOS allpass filters known to the authors.

Index Terms—Keywords: Active filters, Analog circuits, Filter
theory, All-pass filters, Q factor.

I. INTRODUCTION

LLPASS filters have wide application in electronic circuits

[1]. Generally, they are used for linear phase shifting,
while keeping the signal amplitudes constant over the desirable
frequency range. They can also be used to implement high-
quality-factor frequency-selective filters and to realize biquadratic
filters to synthesize quadrature and multiphase oscillators [2]-[4].
In addition, allpass filters are key components in the realization of
time delays that find applications in differential modulation [5],
transmit-reference systems [6], beamforming [7]-[9], and impulse
radio ultra-wideband wireless receivers for synchronizing the
received RF signal with the locally generated pulse signal [10],
to name a few examples. Allpass filters have also been finding
applications in circuits that conventionally relied on digital delay
stages. The conventional implementation of such circuits relies
on analog-to-digital converters (ADCs) for digitizing the signals,
which are subsequently passed through a digital FIR filter-based
delay circuit. Such circuits suffer from clock injection issues,
temporal aliasing, quantization noise, and are limited by the ADC
bandwidth. Using analog techniques removes these issues but
still permits the implementation of such circuits with continuous
time delay stages implemented with allpass filters, albeit with
higher noise and linearity problems [7], [8]. This work focuses
on replacing the traditional digital delay stages such as those used
in [8] and illustrated in Fig. 1 with wideband analog delay stages.

To realize true time delays there are several well known
approaches, such as using transmission lines [10], lumped LC
delay lines [11], or active devices [12], [13]. Transmission lines
and LC delay lines are area-inefficient and experience losses
when cascaded. They may also consume significant amounts of
power due to their low impedance. Active circuits therefore, are
more flexible in terms of integration, even though their achievable
delay is limited [12], [13]. Alternatively, approximations such
as the Bessel-Thomson or Padé approximation or a cascade of
infinite order allpass sections can be used to approximate a
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Figure 1. An example of employing time delays in an FIR-based beamformer
with N antennas in the array. The beamformer coefficients are shown as h’s and
explained in [8].

true time delay of e=*T, s € C. For the infinite-order allpass

approximation, a cascade of M € Z™ allpass filters yields
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If the infinite order polynomials in the numerator and denom-
inator of (1) are approximated to order two, then e™*T =
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Several current- and voltage-mode allpass filters can be found
in the literature [14]-[19]. Most of these filters use one or more
operational voltage or current amplifiers [20] to realize circuits,
such as four terminal floating nullors (FTFN), Second Gener-
ation Current Conveyors (CClls), voltage-differencing inverting
buffered amplifiers (VDIBA) and current difference buffered
amplifiers (CDBA) [14], [16], [17], [19]. The bandwidths of
these circuits however, are significantly decreased by the parasitic
capacitance at their high impedance nodes limiting the application
domain of the filters to low frequencies. Furthermore, there are
only a few voltage-mode allpass filters in the literature, which
can operate at radio frequencies (RF) [6], [8], [9], [12], [21].

In the work of [22], single transistor active filters were first
explored based on six general voltage-input, voltage-output trans-
fer functions, surrounded by the minimum number of passive
elements (two resistors and two energy storage elements). All
the results for valid second order filters of the lowpass, highpass,
bandpass and bandstop variety filters were tabulated and verified.

represents the well known second-order allpass filter.
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Figure 2. A canonical allpass filter derived from its equivalent bandpass filter
taken from Table IV, Type 1, Filter #1 of [22].

It is well known however, that allpass filters derived from band-
pass filters by using the complimentary theorem possess excellent
tracking characteristics because the zero frequency tracks the
pole frequency'. In [22] this occurs when constant K = 2 and
hence several such allpass filters are possible from Tables II-
IV in [22]. Note that not all the allpass filters derived using the
complementary theorem can be easily biased to ensure transistors
operate in their desired operating region nor can K always be set
equal to 2. One example being a Table IV, Type-1(filter #2) which
cannot be properly biased because at DC (assuming a MOSFET
transistor is used as the active device), L; shorts the gate and
source nodes resulting in V, = 0. Likewise, the Table II, Type-3
(filter#13) while easy to bias, attempting to set K = 2 results in
gm being negative which is not possible. One attractive canonical
LC allpass filter which is easily biased and K can be easily set
to 2, is obtained from a Table IV, Type-1 (filter #1) topology and
is presented in this paper and its performance evaluated. This
circuit, its nonidealities and therefore its performance is the focus
of this paper for possible use in high frequency beamforming
applications.

This paper is therefore divided as follows: Section II looks
at the allpass filter derived from the basic bandpass filter. Next
non-ideal effects in the circuits are considered in Section III.
Experimental and simulated results are presented in Section IV.
Finally, we present our conclusions in Section V.

II. PROPOSED ALLPASS FILTER

Consider the circuit shown in Fig. 2 derived from Table IV,
Type-1, Filter #1 of [22] using the complementary theorem with
Zy = 1/sC1, Zo = Ry and Z3 = sLs. Current source Ip
determines the g, of MOSFET M; and provides tunability for
calibration purposes. Neglecting the intrinsic parasitic capaci-
tances and the generator internal resistance I24;, for the moment,
the ideal circuit transfer function of this circuit is easily computed
as
52—|—(1—K)%s—|—w§

H =
2(5) s2+%s+w§

)

"Worth mentioning is the fact that each of the six voltage-input, voltage-output
transfer functions of [22], and by extension allpass filters derived from bandpass
filters can be converted into current-input, current-output filters using the adjoint
network theorem if their adjoint network exists.

where
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L (a)
3
1+ % + ng2
o =W, =\ — A7 —— 3b
Wo = w Cils (3b)
\/Ong (1 + g—j + ngz)
Q= (3¢)

CiRy + £

and the DC gain of this circuit is 1. The value of g,, that results
in K = 2 which yields an allpass transfer function is therefore
given by

1 2C1 R,
m = — 4
9m = o I3 “
which results in pole (and zero) frequency
1 Ry QCleRS)
Wo = W, = 24 — 4+ — 5)
\/0ng ( R, Ls
and pole/zero quality factor
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Note that because g,, appears in both (3b) and (3c) orthogonal
tuning of this allpass filter is not possible unlike the second order
allpass circuit of [13]. Also worth mentioning is the effective
drain-source resistance the transistor sees is actually Rz // (1/g4s)
but for g, > g4s and R < (1/gas), Rz J/ (1/gds) = Ra. Using
(3c) and (4) it can be easily shown that to generate complex poles
(Q > 1/2) and zeroes of this filter, requires that

Ls <R§+ﬁ) 7)

Ry < 4R,
2 <A+ e o

Conversely, if Ro is chosen larger than the right hand side of
the inequality of (7), @ < 1/2, resulting in two real poles and
two real zeroes. Note for the special case of Ry = oo, with

Jm = 20% a first order allpass transfer function of the form
s — Rsgm+1
R,C
Hi(s) = = | —Fpuit ®)
ST 7RG

results for this filter. In actual practice, with R omitted com-
pletely, the output impedance 1/gg4; fills the role of Rs, such that
(4) must be modified to g,, = gas + 2C1Rs/L3 and real poles
and zeroes will exist. This is because 1/g4s will typically be
greater than the right hand side of the inequality of (7), resulting
in@<1/2.

Finally, the phase ¢ (w), group delay 7, (w) and input
impedance of the 2"? order allpass filter (Ry < oo) are given
by

R

WQClRSLg — (RQ + 2R5) Ls— 201R2R§
)

(w2/wg + 1)
2 72,%?
(W?/wg —1)" + 24

(10)

7y (W) =7y, X
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(1)
respectively, where 7, = & f;g:f;gf;flg% 7T is the delay
at DC. Examining the input impedance expression of (11) we
note that at low frequencies it has a value of Z;,, = R, +
1/ (QClRS/Lg + 2/R2) ~ R, + L3/(2ClRS) for C1Rs/Ls >
1/ Rs which gradually reduces to Ry at high frequencies. In so far
as the output impedance is concerned, assuming the circuit has
a stimulus %44, then straightforward analysis shows that circuit

has an output impedance of Z,,; = Rsiq /| ((gim J Ra2) + RS) ~
Rsig // (gim + R;) at low frequencies. Conversely the circuit has
a value of Z,,; = Ro + (Rs /| Rsig) at very high frequencies

1 R
+ i (2 + R—)
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where C; shorts the gate and source of M; and L3 acts as an
open circuit. Note if R,;, is not negligible this would affect the
filter’s DC gain and the location of the pole frequency.

III. NON-IDEAL EFFECTS

At RF frequencies it is well known that many high frequency
effects affect the performance of every circuit. Most notably para-
sitic capacitances of which there are many giving rise to parasitic
poles and zeroes. Considering the more common gate-source and
gate-drain parasitic capacitances Cy, and Cyq, respectively it can
be shown first that Cy; is in parallel with C; and therefore can be
absorbed into C'; for equations (3b)-(11). That is C7*" replaces
Cy where, CT*" = Cy + Cys, appropriately. Conversely, Cgq
which appears in parallel with L3 has an effect on the output
resistance. At very high frequencies, Cyq shorts the drain and
gate of M; and lowers the output resistance to [y /| Rs. It also
has the effect of adding an extra real zero and pole to the transfer
function of (2) resulting in the transfer function being third order.
To a first order approximation it can be shown that the additional
single zero and single pole that arises because of the shunt Cyq

1 1

is given by
< ! + > (12)
Ro(Ci+Cpa) Oy \R, 7™

for Cyq < Ci. The corresponding new zero and new pole
frequency is

Wz = Wp, =

new new 1

Wy w2 (13)

C
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Note that C'yq decreases the zero (and pole) frequency according
to (13) when compared to (3b). In actual practice as Cyq increases
relative to C1, the zero frequency decreases but the pole frequency
increases for g,, given by (4). Likewise the effect of the unwanted
Cjya is to increase @ (and |Q|) and 7, (w) above (3¢) and (10),
respectively subject to Q < |Q7°%| < Q™" with wl < w, <
we, wp, < ws, and 7, (w) > 7, (w). Additionally, the single
zero and single pole adds to the increased group delay 74 (w)
w Wy w? Wpq Wz

: E;j+wl2)§(w:+wl2 1 summary, the exact
pole and zero locations musztlhoweveprl, be determined in the final
analysis by simulation and g,, adjusted accordingly to ensure the

closest match in pole and zero frequencies for a desired group
delay.
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Figure 3. Measured S-parameters of the implemented allpass filter.
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Figure 4. Phase and magnitude measured and simulated results of the proposed
second order allpass filter. The simulated results are shown using dashed lines
and experimental results using solid lines.

IV. EXPERIMENTAL AND SIMULATED RESULTS

To verify the functionality the second-order allpass filter was
fabricated in IBM’s 0.13um CMOS technology. The filter was
designed to operate to 6 GHz with Ry = 30}, Ry = 6501,
Ls 22nH, C; = 2.25pF and g, = 62mA/V with
a @@ = 0.36. This produces an ideal delay of 49ps at low
frequencies. The circuit was wafer probed and its S-parameters
were measured and are shown in Fig. 3. The S-parameters were
used to determine the frequency response of the voltage-mode
filter. In Fig. 4 the measured (solid lines) and simulated (dashed
lines), amplitude and phase responses are shown. The first thing
to be observed is that the DC gain is slightly less than unity.
This slightly less than unity gain was due in part to the circuit
output impedance being less than simulated. The delay of the
circuit was also measured and is shown in Fig. 5 compared to
the extracted simulated result?>. The difference in the measured

2While the group delay of the circuit in (10) depends on g,,, which is process,
voltage and temperature dependent, the simulations do not show significant

variations in group delay response. The group delay variation of the circuit was
2.4% from 100 Monte Carlo simulations.
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Figure 5. Measured versus simulated group delay of the allpass filter with
frequency.
Figure 6. Microphotograph of the allpass filter which occupies an area of

380 pm x 165 um.

versus experimental results was due to the parasitic capacitances,
which create extra parasitic poles/zeroes in the transfer function
and adds more delay to the output. The circuit was measured to
have Pi4p of —5.5dB, IIP2 of 5.5dBm and IIP3 of 2dBm,
at 4 GHz. Although the IIP3 is ideally 9.6dB higher than
Pi14p, this value could be lower in reality, which is 7.5dB
in this work. The difference could come from the mixing of
fundamental and second harmonic and measurement uncertainty.
The microphotograph of the fabricated allpass filter is shown in
Fig. 6 and occupies an area of 380 um x 165 pm. The circuit
consumed 18.5mW from a 1.5V supply.

A. Noise Analysis

When used as delay blocks in beamforming filters, the all-
pass filter noise performance may limit the sensitivity of the
beamformer. Therefore, understanding the noise contributions
in the filter is important for proper design trade-offs, and in
particular noise factor. While noise factor is not necessarily
the most appropriate noise performance metric, it is the most
directly measurable. Assuming that the gate noise is negligible
and g, >> ¢g4s, the noise factor of Fig. 2 at low frequency
can be shown to be given by (14) where noise mean-square
currents i?m and z% g are from M; and PMOS current source
Ip, respectively, k is Boltzmann’s constant, B is the noise
measurement bandwidth, and T = 290K. A plot of the measured

versus post-layout and pre-layout simulated noise figure (NF) of
the allpass filter is shown in Fig. 7. Here close agreement between
the measured and simulated results with the exception of the
theoretical result can be seen. Note that the theoretical result in
Fig. 7 includes all frequency dependent terms, whereas (14) is an
approximation, which gives useful and trackable design insights.

B. Discussion

Table I compares the proposed second-order allpass filter
with previously proposed wide-band allpass filters. In this table,
DBW(10%) is the product of the group delay at DC and the
bandwidth at which the 7,(w) variation reaches 10% of its DC
value [23], [27]. It can be seen that the area of the filter is lower
than that of other implementations with the exception of the filter
in [12] where no inductors were used. While using an inductor
in the proposed allpass filter increases the filter area over other
implementations such as in [23], it can be observed that the filter
achieves the highest delay-bandwidth product among the second-
order allpass filters in Table I.

V. CONCLUSION

In this work, a novel second order allpass filter derived from
a bandpass filter is proposed. The circuit is simple and can be
easily employed where fixed delays are needed and no orthogonal
tuning is required. This circuit represents one of several single
transistor allpass filters that can be derived from the work of
[22]. The filter can also function as a first order allpass filter
when Ry = oo, but since this was not the subject of this paper
it simply represents an added bonus capability of this filter. The
second order allpass filter was fabricated in 0.13m CMOS and
experimental and simulation results confirm the expected theory.
The circuit achieved a group delay of 55ps across a 6 GHz
bandwidth, while consuming 18.5 mW power. To the best of
the authors’ knowledge, the filter achieves the highest DBWs
among CMOS second order allpass filters reported to date in the
literature.
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