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A translinear-based true RMS-to-DC converter using only npn BJTs
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Abstract

A true rms-to-dc converter based on the explicit computation technique is proposed in this paper. Since the scheme utilizes
translinear principle circuits to realize current-mode squarer, averaging and square root circuits, only npn bipolar junction
transistors are required. The conversion circuit has wide-band frequency response and can be operated with single supply
voltage at 2 V. PSPICE simulation and experimental results show good agreement with the theoretical predictions.
� 2008 Elsevier GmbH. All rights reserved.
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1. Introduction

A true rms-to-dc converter is a device that generates an
output direct current (dc) such that its value is proportional
to the average energy content in an electrical signal. This
device is found useful in the fields of instrumentation, com-
munication and display systems. Many true rms-to-dc con-
verters are available [1–4]. However, most of these devices
are similarly built up from two main parts: a full-wave
rectifier (or absolute-value) circuit and a multiplier/ divider
circuit employing a log–antilog principle. Due to the band-
width and the slow rate of the full-wave rectifiers, the high-
frequency performances of these devices are limited to less
than 5 MHz. Design techniques based on bipolar dynamic
translinear circuits have been proposed to implement true
rms-to-dc converters [5,6]. Although these schemes require
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only npn transistors, their circuits are operated in only one
quadrant and employ full-wave rectifier. Recently, a new de-
sign technique for rms-to-dc converter that designs around a
dual translinear-based squarer circuit is proposed [7], where
the input current can be a two-quadrant current signal.
Because the full-wave rectifier is not required by this con-
version scheme, the circuit exhibits a wide bandwidth.
However, the implementation circuit is rather complicated,
requires both the npn and the pnp transistors and suitable
for a supply voltage of more than 5 V.

The purpose of this paper is to propose a translinear-based
true rms-to-dc converter that can be operated at a low supply
voltage. The realization scheme is through the implicit com-
putation method [8,9]. Since the translinear-based squarer,
averaging and square root circuits are employed, the conver-
sion circuit is simple and requires only npn bipolar transis-
tor. The rms-to-dc conversion circuit can be operated with
low supply voltage, which is suitable for battery-operated
portable equipment. The circuit shows a wide −3 dB band-
width because an absolute-value circuit is not required and
the circuit does not employ pnp devices. Furthermore, the
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circuit can be implemented using cheap bipolar processes
rather than implemented by the more expensive BiCMOS
processes or the bipolar processes featuring high-quality pnp
transistors. The circuit performances are studied through
PSPICE simulation and experimental results.

2. True RMS- to DC-converter

2.1. Circuit description

Fig. 1 shows the schematic diagram of a translinear-based
current squaring circuit, where IIN and ISQ are the input
and the output currents, respectively. The emitter-area of the
transistors Q4 and Q5 are double of the emitter-area of the
transistors Q1, Q2 and Q3. The external bias currents IB1, IB2
and IB3 of this circuit are arranged such that IC2 +IC3 =IB1,
IC4 = IB2 and IC5 + ISQ = IB3. By applying the translinear
principle to the loop formed by the transistors Q1, Q2, Q4
and Q5, if we assume that the common emitter current gain
of all the transistors is much greater than unity, we obtain
[10–13]

VBE1 + VBE2 = VBE4 + VBE5 (1)
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From Fig. 1, by neglecting the transistor base currents,
we get

IC1 = IIN + IC2 = IC3 (4)

and

IC2 = IB1 − IC3 (5)
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Fig. 1. Translinear current squaring circuit.

Combining Eqs. (4) and (5), we have

IC1 = IB1 + IIN

2
(6)

IC2 = IB1 − IIN

2
(7)

If we set the currents IB1=IB2=IB3=IB, where IC4=IB2,
IC5 = IB3 − ISQ, then by substituting Eqs. (6) and (7) into
Eq. (3) and solving for ISQ yields

ISQ = I 2
IN

IB
(8)

Note that the circuit of Fig. 1 is a two-quadrant squarer or
IIN can be a plus or minus value. For a good operation, the
value of the input current IIN should be restricted to IIN < IB
or −IB < IIN < IB.

The completed true rms-to-dc conversion circuit that uses
only npn bipolar junction transistors is shown in Fig. 2.
The circuit comprises the squarer circuit of Fig. 1 and the
averaging and the square rooter circuits. As indicated in
Eq. (8), the current IIN inputs through the squaring circuit
and results in the squaring current ISQ. The current ISQ is
passed through the first-order low-pass filter or averaging
circuit, which consists of the current mirror CM2, formed
by transistors Q6 and Q7, with the capacitor CAV connected
in parallel to the input port of CM2. The averaging current
IAV can be written as

IAV = 1

IB�

∫
I 2

IN dt (9)

where � = CAV/gm6 is the time constant of the averaging
circuit, gm6 is the transconductance gain of the transis-
tor Q6. The current IAV is flowed through the translinear
square-rooting circuit formed by the transistors Q8.Q11.
It is structured in considerably the same manner as that
of Fig. 1, the loop Q8.Q11 translinear operation results in
expression

IC8IC9 = IC10IC11 (10)

since IC9 =IB4, IC8 =IAV and IC10 =IC11 =Irms, the current
Irms can be written as

Irms =
√

IB4

IB�

∫
I 2

IN dt (11)

If we set IB4 = IB1 = IB2 = IB3 = IB, we get

Irms =
√

1

�

∫
I 2

IN dt (12)

Now the output current Irms is the root-mean-square value
of the input current IIN.
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Fig. 2. Circuit diagram of the translinear-based true rms-to-dc converter using only npn BJTs.

2.2. Circuit performance

In practical circuit, not only the current Irms is presented
at the output, but there are also a low-frequency ripple com-
ponent and a dc error. These errors depend on the value of
the capacitor CAV and the frequency of the input signal cur-
rent IIN. The errors can be computed by expressing the rela-
tionship of the currents Irms and IIN in the form of transfer
function as [14]

IOUT =
√

I 2
IN

1 + s�
(13)

The current IIN is a sine wave input of the form

IIN = IM sin(�t) = √
2Irms sin(�t) (14)

where �=2�f , f is the frequency of input current and IM is
the amplitude of input current. Using some simple trigono-
metric and Taylor series approximation and by assuming that
the frequency of input current is greater than the inverse of
the averaging time constant � (or f > 1/�), the output cur-
rent becomes

IOUT = Irms

(
1 − 1

16(1 + 4�2�2)
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2
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% dc error = 1

16(1 + 4�2�2)
× 100% (16)

and the percent ripple is

% ripple = 1

2
√

1 + 4�2�2
× 100% (17)

In order to give a good performance in the required fre-
quency range, the value of capacitor CAV must be chosen
such that [7]

CAV?
gm6(max)

4�f(min)

or

CAV?
IM

4�VTf(min)

(18)

where f(min) is the lowest frequency of the interested fre-
quency range and VT is the thermal voltage. The cut-off fre-
quency of the averaging circuit is

fc = IM

4�VTCAV
(19)

Note that the frequency of the input current must not be
less than fC for decreasing the percent ripple. For example, if
the amplitude of the sinusoidal input current IM =1 mA and
the frequency range of 1 kHz to 1 MHz (f(min) = 1 kHz) are
considered, the capacitor CAV must be chosen to be greater
than 3.06 �F. However, if we choose the capacitor CAV of
10 �F, the lower cut-off frequency is about 306 Hz. Then,
we can employ a CAV of 10 �F. In this case, from Eqs. (16)
and (17), the conversion errors that are determined at the
frequency of 10 kHz, IM = 1 mA and CAV = 10 �F are: the
percent dc error 5.85 × 10−3% and the percent ripple error
1.53%. The errors can be further reduced if a larger capacitor
is used, but it will result in a longer settling time. It should
be noted that this large value of capacitance is not suitable
for monolithic integration. To reduce the size of capacitor,
a miller capacitor multiplier can be used [15].

The second factor that causes the error is the current re-
flection errors associated with the positive current mirrors
which can be given by

�pos = 2

�npn
±

(
�VBE

VT

)
npn

(20)

where (�VBE/VT) npn refers to mismatching of npn transis-
tors. Assuming that overall VBE mismatching is of the order
0.25 mV and � > 100, these errors will be less than 2%. This
error can be further reduced if Wilson current mirrors are
employed. The dynamic range of the conversion circuit is
determined by the dc bias current IB1. At the translinear cell,
since the base current of Q1 is extracted from the bias cur-
rent IB1, the signal current IIN will clamp if the base current
attempts to exceed this level. Therefore, the circuit dynamic
range is approximately equal to |IIN| < IB1. Concerning
with the power supply voltage from Fig. 2, the circuit can
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operate at a power supply voltage of 2 VBE+VCEsat ≈ 1.8 V.
Thus, a minimum power supply voltage that the circuit can
function properly is about 2 V.

3. Simulation and experimental results

The performances of the proposed rms-to-dc conversion
circuit of Fig. 2 were demonstrated through the simulation
results using PSPICE and also through the experimental re-
sults from the circuit constructed on prototype board. All the
transistors and dc current sources were commercially avail-
able npn BJTs 2N3904 and three-terminal adjustable cur-
rent sources LM334, respectively. The supply voltage and
dc bias currents of the circuit are set to +VCC = +5 V and
IB1 =IB2 =IB3 =IB4 =1 mA, respectively. The performance
of the circuit that is summarized from the experimental re-
sults is listed in Table 1, where the values of the currents IIN
and Irms were measured from the voltage across the resis-
tors of 1 k�. We found that the circuit exhibits a maximum
nonlinearity of 0.1%, for input current with peak amplitude
of 10 �A to 1 mA.

The high-frequency response cannot be measured directly
from the bread-board circuit because of the stray capacitance
in the circuit board and the finite bandwidth of the voltage-to-
current converter. The PSPICE simulation program is used to
analyze instead. The gain bandwidth product fT of 2N3904
transistor is 350 MHz. The frequency response for the case
of the sinusoidal input current with the amplitude of IIN of
200 �A, 500 �A and 1 mA (100% of the maximum current)
are illustrated in Fig. 3. The bandwidths are about 10, 30
and 60 MHz, respectively. It should be note that the gm6
are varied in direct proportion to the input current (IIN).
Therefore, if IIN is increased, the cutoff frequency of the
rms-to-dc converter is also increased. Table 2 is the summary
of the simulation results for −3 dB bandwidth of the input
current IIN ranging from 10 �A to 1 mA.

Fig. 4 shows the experimental results to demonstrate the
linearity of the rms-to-dc converter. The transfer characteris-
tic shows the plot of the Irms against the input signal current

Table 1. Experimental results for the performance of the circuit
in Fig. 2

Power requirements
Rated supply voltage +2 VDC to +15 VDC
Quiescent current (max) 1 mA

Input characteristic
Input current range (max) 1 mA
Input resistance �15 �

Accuracy
Conversion accuracy 0.1% max. nonlinearity,

10 �A to 1 mA input current
Crest factor CF = 4, error 0.5%

CF = 10, error 2.5%
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Fig. 3. High-frequency responses due to the various input current
IIN.

Table 2. High-frequency response simulation results for various
signal levels of input current IIN for the circuit in Fig. 2

Peak amplitude values −3 dB bandwidth

IIN = 10 �A 700 kHz
IIN = 100 �A 5 MHz
IIN = 200 �A 10 MHz
IIN = 500 �A 30 MHz
IIN = 1 mA 60 MHz
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Fig. 4. The transfer characteristic of the Irms against the input
currents IIN.

IIN with the amplitude of 10 �A to 1 mA for the sine, trian-
gular and square waveforms at CAV = 1 �F and frequency
input 10 kHz. We found that the maximum conversion
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Fig. 6. Simulation results for the conversion error versus crest
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nonlinearity is about 0.1%. The results are in good agree-
ment with the predicted value of Eq. (16). The percent
ripples at the output for the value of averaging capacitor
CAV of 1 �F and 10 �F, which are computed from Eq. (17)
and simulated by PSPICE, are plotted in Fig. 5. The input
is the sine wave current with a amplitude of 1 mA and
with frequency range 1 kHz to 1 MHz. For example, at the
frequency of 10 kHz the percent ripples that are computed
from Eq. (17), for CAV = 1 �F and CAV = 10 �F, are 15.3%
and 1.53%, respectively, where the simulated percent rip-
ples are 13% and 1.2%, respectively. Noting that, with
the same capacitor, the values of the percent ripple can be
further reduced if we increase the frequency of the signal.

The simulation results for the input signal with different
crest factors are shown in Fig. 6. The plot shows the con-
version error in the case of IIN = 1 mA, with the crest fac-
tor varied from 1 to 10. The rectangular pulse train with
pulse width of 100 �s was used for this test, since it is the
worst-case waveform for rms measurement (all the energy is
contained in the peak current IM). The duty cycle and peak
amplitude were adjusted to produce crest factors from 1 to

10, while maintaining a constant 1 mA input current. From
the graph we can describe that the percent error is not greater
than 2.5%.

4. Conclusion

A design of the translinear-based true rms-to-dc converter
through the use of an explicit computation method has been
proposed. The conversion circuit consists of the current-
mode squarer, averaging and square root circuits. Since only
npn bipolar junction transistors are used, the circuit can
be operated at low supply voltage. As was summarized in
Table 1, the simulation and experimental results have been
used to display the performances of the proposed circuit.
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