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ABSTRACT

This manuscript reports the design of a low noise variable gain amplifier (VGA) having wide dB linear gain 
characteristics for a continuous wave (CW) radar. A pseudo-exponential gain control function has been adopted 
in this VGA for the wide dB-linear behavior. Also, a BJT-based gain stage has been proposed to improve the 
gain dynamic range and low noise performance due to its higher transconductance/gain and lower flicker noise 
contribution. This proposed 2-gain stage VGA has been implemented in 130 nm SiGe bipolar complementary 
metal–oxide–semiconductor (BiCMOS) technology. This design performance has been benchmarked by post-layout 
simulation results. It has demonstrated a voltage-controlled gain from -33.6 dB to 74.4 dB (total 108 dB), with a 
97.2 dB linear gain range, input referred noise of 2.4 nV /√Hz, and power consumption of 4.25 mW. This VGA has 
a 3-dB bandwidth of 10 MHz at a maximum gain of 74.4 dB and 251 MHz at a minimum gain of -33.6 dB with 
a chip layout area of 0.0682 mm2. Compared to the latest available CMOS/BiCMOS VGAs in the literature, this 
proposed VGA has the highest gain dynamic range and dB-linear gain range with minimum input referred noise 
simultaneously across the operation bandwidth.
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1. INTRODUCTION
Radars have well-established usages for various 

applications such as advanced driver assistance systems 
(ADAS) in automotive engineering1, indoor localisation2, 
health care systems3, and drone systems4-5, etc. Therefore, 
highly integrated silicon (Si)/silicon-germanium (SiGe) based 
system-on-chip (SoC) for radars have been developed by 
various researchers. This SoC approach enables the large-scale 
integration of analog, digital, and RF circuitry on a single chip, 
facilitating the system design with a smaller form factor and 
lesser power consumption at a lower cost6.

Among the various types of radar, CW-type radar is used 
most frequently owing to its simpler architecture. Typically, a 
radar receives very low power ≤ -100 dBm, and can be as high 
as ≥ -40 dBm. Therefore, a VGA is vital to achieve the required 
wide dynamic range in the radar transceiver, as shown in  
Fig. 1. VGA is used in the transmitter and receiver chain to 
regulate the transmitted signal power and received signal 
amplitude, respectively7. This gain adjustment is required in the 
analog domain; therefore, VGAs with analog control voltage 
are preferred for precise gain control. An attenuator is the other 
way to control the signal amplitude; however, at the baseband 
signal level, VGAs are preferably used in CW radar8.

Figure 1. Typical outline of a generic CW radar transceiver.

The performance matrix of the VGA comprises dB-linear 
gain characteristics versus control voltage with low input 
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referred noise, low power consumption across the frequency 
band of operation, and a smaller silicon area. Various VGA 
topologies have been proposed to address the trade-off among 
these performance parameters.

Various VGA architectures have been proposed in 
the literature to meet application-specific requirements. A 
Gilbert cell-based VGA has been designed with a negatively 
compensated pseudo-exponential control function in9. 
However, it has a broadband frequency response of 7 GHz-
to-8 GHz, with positive gain control of only 17 dB and a high 
power consumption of 27 mW. Likewise in10, a VGA with 
4 GHz bandwidth and low positive gain control of 21-dB is 
designed. These VGAs are9-10 suitable for high-speed and RF-
over-fiber communication applications11. In12, a cell-based 
reconfigurable VGA with current steering at load has been 
designed for low power and wide linear gain range. However, it 
has a limited positive gain variation of 56 dB. A programmable 
gain amplifier (PGA) with complementary current-switching 
is designed with low power and a wide linear gain range in13. 
At the same time, this has a peak gain of up to 34.9 dB. A 
PGA with pseudo-exponential and binary-weighted switching 
is designed in14 for low gain error performance. However, this 
PGA design has a limited gain of up to 25 dB and high input 
referred noise of 22.4 nV /√Hz.

This manuscript describes a low-noise and high-dB-linear 
gain characteristics VGA circuit for CW radar. In this VGA, 
a-dB linear control function generation circuit is adopted for a 
wider gain dynamic range, and a BJT-based amplifying stage 
has been used for the higher dB-linear gain requirement of CW 
radar. This 130 nm BiCMOS VGA exhibits a 97.2 dB linear-
in-decibel gain with a flat input-referred noise of 2.4 nV /√Hz 
in the post-layout simulation results. This VGA has a power 
requirement of 4.25 mW with a minimal layout area of 0.0682 
mm2.

2. VGA ARCHITECTURE
The functionality of the variable gain amplifier is realized 

using the amplifying stage, control function generation circuit, 
and a buffer7,9-12. Figure 2 shows the block diagram of a VGA 
circuit, and the description of each sub-block is as follows:

Therefore, an exponential/pseudo-exponential function 
generation control circuit is used.

2.3  Output Buffer
In case VGA is designed for application-independent 

usage, an output buffer with a standard impedance load such as 
50 Ω is incorporated at the output of an amplifying stage.

The architecture given in Fig. 2 is an open-loop VGA. In 
the case of the open-loop VGA, an amplifying stage’s gain is 
controlled by varying the transconductance (gm) of the input 
transistors. Generally, the gain (Av) of an amplifier with output 
load resistance is given by eqn. (1)
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The gm of the transistor can be changed by regulating its 

bias current. The gm of an NMOS transistor in the saturated 
condition is specified by eqn. (2).

𝐴� = 𝑔�𝑅� 1 

𝑔� = �𝜇�𝐶��
�
� 𝐼���� 2 

𝜇�𝐶��  

𝑔�������� = �𝜇�𝐶�� �
�
� � �𝜇�𝐶�� �

�
� ����� 𝑉���� 3 

𝑓(𝑥) = 𝑒�� = �
��
�

�
���
�
≅ �

�������� �
�

�������� �
�� 4 

𝐼�� =
��
� (𝑉�� − 𝑉���)�  5 

𝐼�� =
��
� �|𝑉��|− �𝑉�����

� 6 

𝐼�� = 𝐼�� + 𝐼��  7 

𝐼�� = 𝐼�� + 𝐼��  8 

𝐴� =
��������
���������

  9 

 

 

 

            (2)
Once the circuit design is completed, 
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and W/L 
cannot be varied further for a transistor used in the design. 
However, gm can be adjusted by varying its bias current. 

Gilbert cell has been the most popular gain block 
with a possibility of controlling gain by varying the bias  
current10-12. Because the transconductance of Gilbert cell  
(gm_Gilbert) has a relationship with a control voltage (Vctrl). For 
an input transistor pair (MIN) and input transistor pair (MTAIL), 
gm_Gilbert is given by eqn. (3)
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3. PROPOSED VGA DESIGN
3.1 Control Function Generation Circuit

In a typical radar operation scenario, the signal received 
at the input of the radar varies dynamically by large amplitude. 
Therefore, to keep the signal amplitude level suitable for 
processing in the DSP, it is required to design a VGA with a 
wide dynamic range of the order of 100 dB or more. Also, the 
BiCMOS process used for designing this VGA can support a 
maximum supply voltage of 2.5 V. Considering the threshold 
voltage of the transistor, the maximum control voltage available 
for gain variation is from 0.575 V to 1.85 V i.e., 1.85 – 0.575 = 
1.275 V. This 100 dB or more wide dynamic gain requirement 
for such low control voltage range of 1.275 V exponential 
gain control function generation (eGCFG) circuit is used and 
other gain control function generation based on logarithmic 
function are not able to meet this requirement. For meeting 
the specification of wide gain dynamic range along with dB-
linearity requirement, an exponential gain control function 
generation (eGCFG) circuit is adopted15. The exponential 
approximation of eαx is given by eqn. (4)
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In eqn. (4) α and k are constant, such that |αx| < 1 and 
k< 1. This approximation has been adopted in the proposed 
design considering its property of high input dynamic range 
and enhanced dB-linear range.

Figure 2. Block diagram of VGA circuit.

2.1  Amplifying stage
An amplifying stage is used for the variable gain 

functionality. Generally, the main transistors’ current/
transconductance/device sizes are varied to realise the variable 
gain.

2.2  Control Function Generation
For the down-converted signal after the mixer, wide gain 

variation and dB-linearity in the gain variation of VGA with 
control voltage are highly important for better signal recovery. 
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The drain current of the NMOS/PMOS follows the square 
law characteristics and is given by eqn. (5)/eqn. (6) in the 
saturation region.
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eqn. (5), Kn = μnCoxWn/Ln, and in eqn. (6), Kp = μpCoxWp/

Lp, with mobility constant (μ), gate-oxide capacitance (Cox), 
width (W) and length (L) of the respective NMOS/PMOS 
transistors. Considering the square law characteristics of 
NMOS/PMOS transistors, the numerator of eqn. (4) can be 
realised by a constant current source (If2), a variable NMOS 
current source (Iv2), and is given by eqn. (7). Similarly, the 
denominator of eqn. (4) can be realised by a constant current 
source (If1), a variable PMOS current source (Iv1), and is given 
by eqn. (8). Figure 3 shows the circuit for an exponential gain 
control function generation. 

Therefore from Fig. 3, 

𝐴� = 𝑔�𝑅� 1 

𝑔� = �𝜇�𝐶��
�
� 𝐼���� 2 

𝜇�𝐶��  

𝑔�������� = �𝜇�𝐶�� �
�
� � �𝜇�𝐶�� �

�
� ����� 𝑉���� 3 

𝑓(𝑥) = 𝑒�� = �
��
�

�
���
�
≅ �

�������� �
�

�������� �
�� 4 

𝐼�� =
��
� (𝑉�� − 𝑉���)�  5 

𝐼�� =
��
� �|𝑉��|− �𝑉�����

� 6 

𝐼�� = 𝐼�� + 𝐼��  7 

𝐼�� = 𝐼�� + 𝐼��  8 

𝐴� =
��������
���������

  9 

 

 

 

            (7)

𝐴� = 𝑔�𝑅� 1 

𝑔� = �𝜇�𝐶��
�
� 𝐼���� 2 

𝜇�𝐶��  

𝑔�������� = �𝜇�𝐶�� �
�
� � �𝜇�𝐶�� �

�
� ����� 𝑉���� 3 

𝑓(𝑥) = 𝑒�� = �
��
�

�
���
�
≅ �

�������� �
�

�������� �
�� 4 

𝐼�� =
��
� (𝑉�� − 𝑉���)�  5 

𝐼�� =
��
� �|𝑉��|− �𝑉�����

� 6 

𝐼�� = 𝐼�� + 𝐼��  7 

𝐼�� = 𝐼�� + 𝐼��  8 

𝐴� =
��������
���������

  9 

 

 

 

            (8)
The initial Wn/Ln and Wp/Lp ratio of NMOS and PMOS 

transistors used in this exponential gain control function 
generation (eGCFG) circuit are calculated by following  
eqn. (1) to eqn. (8). The size of transistors are further fine-
tuned based on the simulation results. 

3.2 Gain Stage Circuit
Various types of gain stage circuits have been explored 

based on the dynamic range of gain, noise, power, dB-linearity, 
etc. requirements7,9–12,16-17. In the case of a CW radar lowest 
signal level can be -110 dBm or less. Therefore, a wide gain 
dynamic range is a significant requirement for VGA used in 
the CW radar.

Figure 4(a) shows the circuit diagram of an amplifying 
stage, and Fig. 4(b) shows the circuit diagram for its common 

Figure 3. Circuit diagram of exponential gain control function generation.

Figure 4. Circuit diagram of (a) gain stage, and its (b) common-mode feedback circuit.
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In eqn. (9), gm−inBJT denotes the gm for the input BJT 

transistor, and gm− denotes the gm of its output NMOS diode-
connected transistor. Conventionally, in the gain stage, NMOS 
transistors are used at the input and output. However, the 
transconductance of NMOS is lower, and the noise contribution 
is higher than the BJT transistors. Therefore, emitter BJT 
transistors have been used at the input in the proposed gain 
stage for improved gain and noise performance.

3.3 Output Buffer
This VGA is proposed to be used between the low-pass 

frequency response filter and DC-offset cancellation circuit, 
as given in Fig. 1. Thus, its output impedance is not a low 
impedance or 50 Ω but a high impedance of the MOS gate. 
Therefore, an output buffer has not been incorporated into the 
design.

4. RESULTS AND ANALYSIS
This fully differential VGA’s schematic and layout design 

has been carried out using a 130 nm SiGe BiCMOS process. The 
single gain stage designed for this VGA can have a maximum 
dynamic range of 60 dB. However, CW radar usually requires a 
wide dynamic range of 80 dB gain or more for its lowest signal 
on the receiver antenna. Therefore, 2-gain stages have been 
cascaded in the proposed VGA to realize the gain dynamic 
range of more than 100 dB. Figure 5 shows the combined 
layout of this VGA, having an area of 0.22 mm × 0.31 mm. 
The characteristics performance of the integrated VGA design 
has been done with Cadence electronics circuit automation 
(eDA) design flow. This VGA circuit’s layout design has been 
done using Cadence Virtuoso Layout Suite. The performance 
of this VGA schematic has been verified and evaluated using 
post-layout simulation of the parasitic extracted model. The 
integrated VGA requires a power of 4.625 mW at the highest 
gain setting. Therefore, the power requirement of this VGA 
design is minimal, and it supports a wide gain dynamic range. 
Therefore, it has insignificant thermal heat dissipation.

Figure 6 gives the gain plots of the proposed VGA with 
frequency for different control voltages. It has demonstrated 
the highest gain of 74.4 dB at a -3 dB cut-off frequency of 
10.1 MHz and the lowest gain of -33.6 dB at a -3 dB cut-off 
frequency of 251 MHz. This VGA uses BJTs as input transistors 
in the gain stage for improved gain performance.

Figure 7 shows the variation of gain with the control 
voltage of this VGA. It has shown a gain variation of -33.6 dB 
to 74.4 dB for the control voltage varying from 20 mV to 2.20 
V. Hence, it has demonstrated a total gain dynamic range of 
108 dB. This gain varies linearly from -30.9 dB to 66.3dB for 
the control voltage varying from 0.575 V to 1.85 V, as shown 
in Fig. 7. Therefore, this VGA has a linear gain dynamic range 
of 97.2 dB.

Figure 8 shows the input-referred noise variation with 
frequency for the proposed VGA. This demonstrated a very 
low flat noise performance of 2.4 nV /√Hz. The BJT used at the 
input of the gain stage has a very low flicker noise compared 

Figure 5.  The Integrated layout of the VGA with a layout area 
of 0.0682 mm2.

Figure 6.  Gain characteristics of the VGA with frequency for 
different control voltages.

Figure 7. Variation of VGA gain for different control voltages.

mode feedback (CMFB) circuit. In the gain stage, input 
transistors are common-emitter-coupled BJT transistors, and 
the output is taken across the diode-connected MOS transistor. 
The voltage gain (Av) for the proposed VGA configuration 
given in Fig. 2 is given by eqn. (9)
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Figure 8. Variation of VGA input referred noise with 
frequency.

Table 1. Comparative performance of the latest VGA circuits

Reference Ref13 Ref14 Ref16 Ref17 This work
Technology 65 nm CMOS 180 nm CMOS 180 nm CMOS 130 nm CMOS 130 nm BiCMOS
Control type Digital Digital Digital Analog Analog
Gain range (dB) -24.7 to 34.9 -4.2 to 25.9 3.39 to 43.79 -20 to 21 -33.6 to 74.4
dB-linear gain range(dB) 59.7 30.1 40.4 41 97.2
Bandwidth (GHz) 0.27 0.63 0.014 0.58 0.01 to 0.251
Input ref. noise (nV /√Hz) 22.3 22.4 29.3 NF=27 to 41 dB 2.4
Power (mW) 0.6 8.21 0.283 4.98 4.25
Area (mm2) 0.05 0.11 7.02 0.1 0.0682

to NMOS. Hence, this VGA has shown outstanding noise 
performance.

Table 1, shows the relative behavior of the proposed VGA 
with state-of-the-art available VGA circuits. In comparison to 
the other VGAs designs13–17, this VGA has demonstrated 
superior performance with an overall gain range of -33.6 
dB to 74.4 dB, dB-linear gain range of 97.2 dB, and input-
referred noise of 2.4 nV /√Hz). The power requirement for the 
proposed VGA design is lower than the VGAs design in14, 17, 
but higher than VGAs in13,16. Also, the silicon area requirement 
of the proposed VGA is lower than14,16-17, and higher than13. 
The superior bandwidth supported by this VGA is due to 
using a pseudo-exponential generation circuit and a BJT-based 
amplifying stage with a better transconductance ratio and 
lower noise contribution. Apart from achieving the required 
performance in the post-layout simulation, this proposed 
differential VGA design offers the inherited advantages of 
differential architecture. These advantages include immunity 
to common mode noise, interference signal, and high gain 
compared to the single-ended design. Also, though this VGA 
has been designed targeted to a CW radar with low baseband 
frequency, like standard Gilbert cell architecture9, this design 
can be adapted for other frequencies by suitable modification.

5. CONCLUSION
This manuscript has presented a miniaturized analog VGA 

implemented in SiGe BiCMOS technology with a dB-linear 
gain control generation circuit and a BJT-based amplifying 
stage. By considering applying this VGA for the CW radar, 
improvements have been demonstrated in the dB-linear 
gain range with minimum noise contribution. The superior 

performance of the proposed VGA has been confirmed by its 
post-layout simulation results. The VGA has demonstrated 
a controlled gain range of 108 dB (-33.6 dB to 74.4 dB), 
specifically, 97.2 dB linear-in decibel gain behavior. Also, the 
proposed VGA has a 3-dB frequency up to 251 MHz with a 
flat input-referred noise of 2.4 nV /√ Hz, layout area of 0.0682 
mm2, and power requirement of 4.25 mW. In the future, this 
VGA design performance shall be evaluated as a part of an 
integrated radar transceiver, and suitable design modification 
will be carried out based on the integrated results. Further, this 
design can be modified for the gain performance across a wide-
band frequency spectrum. 
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