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a b s t r a c t

In this paper, a new bipolar technology-based configuration for providing inverting first-order current-

mode (CM) all-pass filter response is proposed. One of the main advantages of the introduced active

C topology is to have the property of electronic tunability of its pole frequency without requiring passive

component matching condition. To show the performance of suggested filter, simulations are achieved

by means of PSPICE program. Moreover, experimental test results are included.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

All-pass filters, namely phase shifters are very popular
processing block in analog signal operations to obtain time delays
for the input signals while keeping the amplitude constant. All-
pass filters being special cases of the filter transfer functions (TFs)
offer many advantages in analog filter design [1]. All-pass filters
are used to cancel out the unwanted sideband of an AM radio
transmission [2]. Zero and pole of a first-order all-pass filter are
symmetrically located relative to the imaginary axis. Because
of this location, while transmission coefficient is constant at all
frequencies, its phase shows frequency selectivity. Many reported
voltage-mode (VM) all-pass topologies [3–8] where the circuit of
[7] employs five CMOS transistors while others use basic building
blocks such as plus-type second-generation current conveyors
(CCII+s) composed of a number of bipolar junction transistor
(BJT)/ CMOS transistors. Similarly, current-mode (CM) all-pass
filters [8–14] include basic building blocks. For example, as a basic
building block, a dual-output current-controlled current conveyor
(DO-CCCII) used in [15] contains 20 BJTs. Additionally, a tunable
all-pass filter and multiband all-pass filter topologies have been
reported in [16,17], respectively. On the other hand, CM processes
have some important advantages e.g., good linearity, wide
bandwidth and large dynamic range [18,19] when compared to
their VM counterparts.

In this paper, an electronically tunable first-order inverting CM
all-pass filter using only three bipolar junction transistors and
current mirrors as active devices and a capacitor as a passive com-
ponent is suggested. The proposed filter whose pole frequency can

be controlled electronically by means of a bias current does not
need passive component matching constraints. However, intro-
duced all-pass filter consists of a floating capacitor that can
be easily realized by means of advanced IC technologies. These
IC technologies offer a second poly layer (poly2) enabling the
realization of the floating capacitor as double poly (poly1–poly2)
capacitor [20]. Several time-domain and frequency-domain
responses, total harmonic distortion (THD) and noise analysis
via SPICE simulation program besides experimental test results
are given to verify the theoretical results.

2. Proposed first-order all-pass filter

As an active device, a BJT whose electrical symbol is depicted
in Fig. 1a, is commonly preferred by the researchers for general
purpose where iB ¼ ib+IB, iC ¼ ic+IC and iE ¼ ie+IE. Furthermore, ib, ic
and ie are ac currents while IB, IC and IE are dc currents. Small
signal model of the BJT is demonstrated in Fig. 1b. In the
equivalent circuit, some parameters of the small signal model
are defined as transconductance gm ¼ IC/VT, base-emitter voltage
np and input resistance rp ¼ VT/IB where VT is the thermal voltage
approximately equal to 26 mV at room temperature [1]. On the
other hand, a BJT has four modes of operation called as OFF,
forward active, reverse active and saturation. For large input
signals, the BJT behaves like an exponential current–voltage
converter while the BJT operates like a linear current–voltage
converter for sufficiently small input signals.

As shown in Fig. 1, BJT is a three terminal active device whose
terminal currents can be defined as follows:

iC þ iB þ iE ¼ 0 (1a)
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jiEj

iB
¼

iC
iB
þ 1

¼ bþ 1 (1b)

where b ¼ iC/iB is the frequency-dependent current gain and using
a single pole model, b can be described by

b ¼
b0

1þ ðjo=oCÞ
(2)

in Eq. (2), b0 is dc current gain and oC is cut-off frequency of the
current gain, respectively. The following equation describes TF of
the developed first-order all-pass filter depicted in Fig. 2.

HðsÞ ¼
iout

iin
¼

s�o0

sþo0
(3)

Here, o0 ¼ If /(CVT), if capacitor voltage is equal to emitter-base
voltage of Q1, determines resonance frequency. In frequency-
domain, phase responses of the introduced filter whose TF is given
in Eq. (3) is found as

jðoÞ ¼ p� 2 arctan
o
o0

� �
(4)

The proposed CM first-order all-pass filter employing only three
BJTs (one PNP and two NPNs), current mirrors and a capacitor. In
the ideal case, current gain is large enough, values of the base

currents are zero whereas in the real design, base currents should
be taken into consideration. Collector currents of the transistors of
the introduced CM circuit are determined as

IC1 ¼
b1

b1 þ 1
If (5a)

IC2 ¼
b1

b1 þ 1

� �
b2b3

b2b3 þ b2 þ b3

� �
If þ

b2

b2b3 þ b2 þ b3

� �
ID23 (5b)

IC3 ¼
b1

b1 þ 1

� �
b2b3

b2b3 þ b2 þ b3

� �
If � ðb2 þ 1Þ

b3

b2b3 þ b2 þ b3

� �
ID23

(5c)

where, ID23 ¼ IC2�IC3.
As observed from the above three equations that each collector

current varies with frequency-dependent forward current gain bi

(i ¼ 1, 2, 3). In Fig. 3, model of the presented inverting CM all-pass
filter is shown. If matching condition for the circuit in Fig. 3 is not
considered, G1 ¼ G2 ¼ G and C3 ¼ C, the following TF can be easily
obtained

HðsÞ ¼
iout

iin
¼

sCðva � vbÞ � G

sCðva � vbÞ þ G
(6)

where G ¼ o0C(va�vb) is voltage-controlled current source. If the
component of C having a constant value is tied between nodes a

and b, then the first term of numerator and denominator describes
current of the capacitor.

By using small signal approximation, input and output currents
of the proposed all-pass filter in Fig. 2 can be, respectively, obtained
by the following equations:

iin ¼ icap þ
b1 þ 1

b1

� �
gm1vp1 (7a)

iout ¼ icap �
b2b3

b2b3 þ b2 þ b3

� �
gm1vp3

þ ðb2 þ 1Þ
b3

b2b3 þ b2 þ b3

� �
ðgm2 � gm3Þvp3 (7b)

in (7a) and (7b), icap is capacitor current. From (7a) and (7b), the TF
of suggested configuration is calculated as

here, extra terms multiplied by the angular resonance frequency
in numerator and denominator, are errors due to non-zero base
currents. If b1 ¼ b2 ¼ b3b1, the angular resonance frequency in
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Fig. 1. (a) Circuit symbol of a BJT and (b) its basic small signal equivalent circuit [1].

Fig. 2. Proposed first-order all-pass circuit.

Fig. 3. Concept of suggested current-mode all-pass filter.

HðsÞ ¼
icap � ððb2b3Þ=ðb2b3 þ b2 þ b3ÞÞgm1vp3 þ ðb2 þ 1Þðb3=ðb2b3 þ b2 þ b3ÞÞðgm2 � gm3Þvp3

icap þ ððb1 þ 1Þ=b1Þgm1vp1
(8)
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