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Abstract
This study presents a true root-mean-square (RMS) power detector with a wide dynamic range in a 180-nm BiCMOS

process. An RMS power detector based on a current feedback loop composed of two current-squaring cells and a

transconductance amplifier is proposed and analysed. By placing the layout of two current-squaring cells symmetrically

and setting the appropriate loop gain, the impact of the process mismatch on the dynamic range can be reduced, thus

achieving a wide dynamic range of 34 dB from - 18 to 16 dBm at a 5 V supply voltage. A two-stage detector consisting of

two identical RMS detectors and a preamplifier is also presented. The two-stage RMS detector demonstrates a dynamic

range of 60 dB from - 44 to 16 dBm at 1.5 GHz with a ± 1.5 dB log error, making it suitable for both receiver and

transmitter signal power detection.

Keywords Power detector � Root mean square (RMS) � Segmented power detection � Current feedback power detection

1 Introduction

Power detectors (PDs) are crucial components of radio

frequency (RF) wireless transceivers. In the transmitter,

PDs detect the output power of the power amplifier and

help achieve automatic power control [1]. In the receiver,

PDs are used to realise signal intensity indication and

automatic gain control [2]. Owing to the large difference

between the powers of the detected transmitted and

received signals, the PD requires a considerable dynamic

range to meet the requirements of transceivers. In modern

wireless communication systems, high-peak-to-average

ratio (PAPR) modulation schemes are widely used to

improve spectral efficiency and increase data throughput.

Among the various types of PDs, RMS PDs average the

signal over time regardless of the signal’s shape. Therefore,

RMS PDs are suitable for the measurement of high-PAPR

signals. However, they suffer from limited dynamic range

[2–6].

Various structures have been proposed to increase the

dynamic range of the RMS PDs. In [2], the common source

pairs and multi-DAC-based offset compensation was used

to expand the dynamic range to 28 dB, with a maximum

detection power of - 2 dBm. In [3], a balanced Wheat-

stone full-bridge structure with positive and negative

thermistors was proposed, and a dynamic range of 23 dB

was achieved. However, its minimum detection power,

which is only 0dBm, was easily disturbed by thermal noise

from the bulk. The work reported in [4] achieved a 34 dB

dynamic range using diodes working at both positive and

negative cycles. Nevertheless, the minimum detection

power depended on the bias voltage of the diodes and was

easily affected by process and power mismatch. Similarly,

the PD in [1] with cascading gain amplifiers and squaring

circuits also deviated from the ideal curve at lower end of

the dynamic range owing to the mismatch.

As the dynamic range of a single RMS PD is limited, it

is necessary to conduct research on multistage RMS PDs.

A PD composed of a capacitor attenuation array and

unbalanced source-coupled rectifiers was proposed in [5] to

achieve a dynamic range of 45 dB, whereas its minimum

detection power of - 10 dBm limits its application in the

receiver. Another PD, including four gain amplifiers and

four squaring circuits, was reported in [1], realising a

dynamic range of over 40 dB with the help of a modem.

Another method to achieve a wide dynamic range is to use
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two parallel PDs with a modified output stage [6]. Despite

its dynamic range of 47 dB, it suffered from a maximum

detection power of no more than - 6 dBm, which limits

the detection capabilities for high-power signals.

In this paper, an RMS current feedback power detector

(CFPD) is proposed, which realises true RMS operation

and provides a dynamic range of over 30 dB. By placing

the layout of the two current-squaring cells symmetrically

and setting the appropriate loop gain, the linearity of the

PD at the lower end can be improved. Additionally, the

dynamic range is extended by cascading two CFPDs and a

preamplifier to over 60 dB from - 44 to 16 dBm at

1.5 GHz with a ± 1.5 dB log error, making it suitable for

both receiver and transmitter signal power detection.

Compared with previous works, the proposed two-stage

RMS PD not only has a larger dynamic range but also

simplifies the circuit design.

The remainder of this paper is organized as follows. The

principle of the proposed RMS CFPD is analysed in detail

in Sect. 2. Section 3 presents a two-stage RMS power

detector based on the proposed CFPD. Additionally, the

effect of the bias current I0 on the loop gain and dynamic

range is demonstrated. In Sect. 4, simulation and mea-

surement results are presented and discussed. Finally, the

conclusions are presented in Sect. 5.

2 RMS current feedback power detector
analysis

This section elaborates on the operating principles of the

proposed RMS CFPD. As shown in Fig. 1, the RMS CFPD

is composed of an RF current-squaring cell (RF CSC),

RMS current-squaring cell (RMS CSC), transconductance

amplifier (TCA) and output buffer, turning the RF input

wave into the RMS output voltage.

2.1 Current squaring cell

The current-squaring cell (CSC) is the core component of

the entire CFPD. The schematic of the RF CSC is shown in

Fig. 2. The sizes of the transistors and the other compo-

nents of the RF CSC are listed in Table 1.

It squares the input signal and filters it. Compared with

the RF CSC, the RMS CSC has no filter capacitor C1 and

operates in the DC state. The input impedance of the RF

CSC is.

Rin ¼ Re þ 1=gmQ2ð Þ== Re þ 1=gmQ4ð Þ þ Ra

¼ Re þ VT=I0
2

þ Ra ð1Þ

where gmQ2 and gmQ4 are the transconductances of the

transistors Q2 and Q4, respectively. I0 is the bias current of

Q2 �Q4 and VT is the thermal voltage of the transistors.

When the bias current I0 is the PTAT current, the input

impedance does not change with the temperature. The RF

CSC acts as an impedance terminal and converts the

voltage to current as:

RF
Current
Squaring

RMS
Current
Squaring

Gm Buffer

Vrf

Vrms

Fig. 1 Block diagram of proposed CFPD

(a) (b)

Fig. 2 Schematic of the RF CSC (a) no signal input (b) RF signal

input

Table 1 Size of transistors and other components of RF CSC

Components Size

Q1 �Q4 200 nm*10 lm*3

Q5 200 nm*10 lm *2

Ra 500 ohms

Rbase 500 ohms

Re 220 ohms

C1 0.1 lF (off-chip)
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Irf ¼
Vrf

Rin
ð2Þ

When there is no signal input, the base bias voltage of

Q4, which is connected as a diode, is V0, and the base bias

voltages of Q1 and Q2 are Vbias. Ignoring the voltage drop

on the resistors Re and Rbase, the following formulae can be

obtained from the voltage-current relationship of the

transistor:

I0 ¼ Is � exp V0=VTð Þ ð3Þ
I0 ¼ Is � exp Vbias � V0ð Þ=VT½ � ð4Þ

When there is an RF signal input, the base voltage of Q4

becomes Vx, and the current flowing through the transistor

Q4 becomes I0. The current flowing through Q2 becomes

I00. The following formulae can then be obtained:

I0 ¼ Is � expðVx=VTÞ ð5Þ

I00 ¼ Is � exp Vbias � Vxð Þ=VT½ � ð6Þ

I0 ¼ I00 þ Irf ð7Þ

From (3), (4), (5), (6) to (7), the output current IOUT ,

current gain AI and squaring current ISQR can be solved as

follows:

IOUT ¼ I0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Irf =I0
� �2þ4

q

ð8Þ

AI ¼ dIOUT=dIin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4 � I0=Irf
� �2

q

� ��1

ð9Þ

ISQR ¼ IOUT � 2 � I0 ¼ I0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Irf =I0
� �2þ4

q

� 2 � I0 ð10Þ

Expand (10) into Taylor series as:

ISQR ¼ I0 � 2þ
Irf=I0
� �2

4
�

Irf =I0
� �4

64
þ o x4

� �

" #

� 2 � I0

� I2rf = 4 � I0ð Þ; when Irf
�

�

�

�\\4 � I0
ð11Þ

Equation (11) shows that when Irf
�

�

�

�\\4 � I0, CSC

squares the input current; when Irf
�

�

�

�[ [ 2 � I0, the

absolute value of the input current is taken as:

ISQR � Irf
�

�

�

�� 2 � I0;when Irf
�

�

�

�[ [ 2 � I0 ð12Þ

Properly increasing the Ra can reduce the input current,

thereby increasing the maximum power that the power

detector can detect. In the implementation, we chose Ra as

500 X. Transistor Q5, resistors R1, and R2 form an active

load circuit, and its AC impedance is

Rload ¼
R1 � VT þ IOUT � R1 � R2

IOUT � R1 � VT

� 	

==R1

ffi VT

IOUT
þ R2

� 	

==R1 ð13Þ

As shown in (13), as the input power increases, Rload

decreases to prevent VOUT from falling too much to saturate

the transistors Q1 �Q4 and cause the latter TCA to deviate

from the operating point. Capacitor C1 performs the role of

signal filtering and shorts high-frequency components to

the AC ground. Therefore, only the RF CSC of the entire

current feedback loop works in the RF band, which greatly

reduces the bandwidth requirements of the TCA and output

buffer. The RMS CSC is completely symmetrical with the

RF CSC and works in the DC state; therefore, the filter

capacitor can be removed.

2.2 RMS power detector based on current
feedback loop

As shown in Fig. 1, the entire CFPD includes a TCA and

an output buffer in addition to the CSCs, as shown in

Fig. 3.

Transistor Q12 replicates the feedback current and gen-

erates an RMS voltage on the resistor R13, which is buf-

fered after passing through the output buffer. The function

of Q16 is to compensate for the input voltage drop of the

RMS CSC so that the collector voltages of Q11 and Q12 are

the same to achieve current matching. When the loop is

established, the TCA has the same voltage at both input

terminals, as follows:

mean I2rf = 4 � I0ð Þ
�

�

�

�

�

�
� Rload ¼ I2back= 4 � I0ð Þ � Rload ð14Þ

where Iback denotes the feedback current injected into the

RMS CSC. The above formula can be simplified as:

Iback ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mean I2rf


 �

r

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mean Vrf =Rin

� �2
q

ð15Þ

set R13 the same as Rin, Vrms can be derived as

Vrms ¼ 1þ R14=R15ð Þ � Iback � Rin

¼ Gainbuffer �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mean Vrf

� �2
q

ð16Þ

Fig. 3 TCA and an output buffer
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Equation (16) indicates that the output voltage of the

proposed CFPD is the true RMS value of the input RF

signal. As described in [1], the process mismatch on CSCs

causes the lower end of the conversion characteristic to

deviate from the ideal curve. Therefore, the dynamic range

was limited. In our proposed CFPD, the mismatch on both

sides of Eq. (14) can be offset by placing the layout of the

two CSCs totally symmetrically; thus, the dynamic range

can be expanded.

3 Expanded dynamic structure based
on CFPD

A segmented power detection method was used to expand

the dynamic range. The proposed two-stage power detector

in Fig. 4(a) consists of two CFPDs and a preamplifier, that

adopts the Meyer structure [7], as shown in Fig. 4(b).

The reason for using the Meyer amplifier is that it can

achieve a wide matching bandwidth. Its input impedance

Rin amp was designed to be 50 X by current and voltage

feedback. A detailed derivation process can be found in [7].

The input impedance of the entire power detector is

Rin whole ¼ Rin==Rin amp ffi Rin amp ¼ 50 X ð17Þ

Therefore, the entire two-stage power detector can

achieve broadband impedance matching without an addi-

tional matching network.

As shown in Fig. 4(a), for an RF input signal, two

channels generate a DC output signal, namely, VOUTA and

VOUTB. Unlike the method in [1], which requires a modem

to determine which output should be used to estimate the

signal power, the proposed scheme is very simple. When

the signal power indicated by the high-power path is higher

than its sensitivity, VOUTA is used to indicate the signal

power; otherwise, VOUTB is used. This benefits from the

wide dynamic range of the proposed CFPD. Otherwise,

more gain stages are required, and each stage will have a

corresponding DC output, which requires more complex

discrimination methods.

To expand the dynamic range as much as possible, the

two CFPDs must have the same transfer characteristics,

which can be affected by the loop gain of the CFPD. The

loop gain of the entire current feedback loop is

GainLOOP ¼ oVfeedback

oVdiff
ffi G2

m � Rload � Vdiff

I0
ð18Þ

where Gm and Vdiff are the transconductance and input

voltage of the TCA, respectively. It can be seen from (11)

that increasing I0 also increases the maximum input power

that is allowed by the square-law relationship. However, as

(18) indicates, increase in I0 also reduces the loop gain of

the current feedback loop. Therefore, the feedback current

cannot follow the input current exactly owing to the finite

gain of TCA. This phenomenon is especially obvious when

the input power is small. As shown in (18), the loop gain is

proportional to Vdiff . When a low-power signal is input, the

initial Vdiff is small, so the loop gain is much smaller than

when a large signal is input.

In addition, the mismatch of the TCA with the finite gain

affects the lower end of the dynamic range as the loop gain

is small. This makes the transfer characteristics of the two

CFPDs inconsistent, and the dynamic range is greatly

restricted. Therefore, the size of the I0 needs to be carefully

selected, and a trade-off is made between the maximum

detectable input power and the loop gain.

4 Measured results and discussion

The proposed RMS PD was designed and implemented

using a 0.18 lm SiGe BiCMOS process. Figure 5 shows a

photograph of the fabricated chip with an area of

2.15 mm 9 2.59 mm, including four current feedback

power detectors, six preamplifiers, and pads.

(a) (b)

Fig. 4 Wide dynamic structure based on CFPDs: (a) proposed two-

stage power detector (b) preamplifier using the Meyer structure

PD1 PD2

PD3PD4

Pre
AMP1

Pre
AMP2

Pre
AMP3

Pre
AMP4

Pre
AMP5

Pre
AMP6

2590um

21
50

um

Fig. 5 Fabricated chip in 0.18 lm SiGe BiCMOS
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PD1, PD2, and PreAmp1 form a two-stage power

detector, and the other components are used for auxiliary

testing and can be removed to save area in actual appli-

cations. A single CFPD occupies an area of 0.43 mm2 and

consumes 3.39 mW at a 5 V supply voltage. The mea-

surement setup is shown in Fig. 6. An Agilent E4422B

signal generator was used as the input RF signal source,

and the output DC voltage was measured using a Keysight

34401A multimeter.

The RMS power detection function was verified. Fig-

ure 7 shows the transfer characteristics and errors of a

single CFPD, both measured and simulated at 1.5 GHz

under a 5 V power supply.

The logarithmic-linear relationship between the output

DC voltage and RF input power indicates the RMS oper-

ation of the proposed CFPD. The simulation result shows a

dynamic range from - 32.5 to 15 dBm with a ± 1.5 dB

error. The measurement result deviates from the simulated

result at the lower end of the curve and achieves a dynamic

range from - 18 to 16 dBm. As shown in [1] and formula

(18), this is mainly caused by the process mismatch and

limited loop gain in the cases of low-power signals, so that

the feedback current cannot exactly follow the input

current.

Figure 8 illustrates the mismatch error between the four

CFPDs at 1.5 GHz when I0 is 150 and 45 lA. When I0 is

150 lA, the maximum mismatch error between the four

channels is larger than when I0 is 45 lA. The mismatch is

even worse when a low-power signal is input, as the loop

gain becomes smaller under this condition, which is con-

sistent with the theory in Sect. 3.

The new two-stage segmented RMS detector was sim-

ulated and measured with 1.5 GHz signals as shown in

Fig. 9.

The simulation results show that it achieves a dynamic

range from - 60 to 15 dBm with ± 1.5 dB log error. The

horizontal distance between VOUTA and VOUTB is the gain of

the preamplifier, which is 25 dB. The slope of the VOUTA

Keysight
E36312A

Power Supply
Agilent
E4422B

Signal Generator

Keysight
34401A

Multimeter

DUT

Fig. 6 Measurement setup of the proposed RMS power detector
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Fig. 7 The transfer characteristics and measurement error of a single

CFPD measured at 1.5 GHz under a 5 V power supply
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(c) (d)

Fig. 8 four CFPDs measured at 1.5 GHz (a) transfer characteristics
when I0=150 lA (b) measurement error when I0=150 lA (c) transfer
characteristics when I0=45 lA (d) measurement error when I0=45 lA
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Fig. 9 Measurement of the proposed two-stage RMS power detector

at 1.5 GHz (a) transfer characteristics (b) measurement error
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and VOUTB is equal because a small I0 is used to improve

the loop gain and relieve the mismatch. The measured

transfer curves of VOUTA and VOUTB overlap approximately

- 18 dBm; therefore, the entire dynamic range is contin-

uous from - 44 to 16 dBm. The reduction in the measured

dynamic range is also caused by the process mismatch and

limited loop gain when the input power is small. Never-

theless, by setting a reasonable loop gain, the proposed

two-stage RMS power detector still has a dynamic range of

60 dB wider than that in previous works, making it suit-

able for both receiver and transmitter signal power detec-

tion. Table 2 summarises the results of the performance

comparisons.

5 Conclusions

To increase the dynamic range of RMS PDs, this paper

proposes a novel RMS PD based on a current feedback

loop, which realises true RMS operation. The RMS CFPD

is composed of an RF current-squaring cell, an RMS cur-

rent-squaring cell, a transconductance amplifier, and an

output buffer, turning the RF input wave into the RMS

output voltage. By placing the layout of two current-

squaring cells symmetrically and setting the appropriate

loop gain, the linearity of the PD at the lower end can be

improved, thus increasing the dynamic range. To extend

the dynamic range further, a segmented power detection

structure composed of two proposed CFPDs and a Meyer

preamplifier was designed and implemented. Compared

with previous works, the proposed two-stage RMS PD not

only has a larger dynamic range but also simplifies the

circuit design. Measurements show that this new two-stage

RMS PD can work with signals up to 1.5 GHz and

maintain the measurement error below ± 1.5 dB over a

60 dB dynamic range.
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