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Abstract: In recent years, the importance of wireless sensor networks, maritime surveillance systems and autonomous marine
systems has grown significantly, leading to the need for low power and high performance wireless receiver circuits in the 2.4 GHz
ISM band. A low power down conversion mixer using current-reuse variable gain amplification technique is presented in this paper
for maritime wireless communication. The proposed architecture is based on the concept of incorporating a variable gain amplifier
inside the current-bleeding path of the mixer that allows adaptive gain control without consuming a significant amount of current
through the path of the mixer. Simulated result shows a maximum gain for conversion of 17.8 dB and a VGR (Variable Gain Range)
of about +44 dB and a minimum double-sideband noise figure of 7 dB. With just 5.6 mW of supply 1.8 V, the circuit provides an
input third-order intercept point (IIP3) of —14.4 dBm. The results have shown that the proposed receiver front-end is suitable for
marine [oT devices, shipboard wireless monitoring networks, and other maritime communication systems exhibiting low power
consumption and reliable reception under different channel conditions.
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1.INTRODUCTION

Digital technologies are becoming more common in the maritime industry to boost operational efficiency,
safety, navigation, and asset monitoring. The smart ships, autonomous surface vessels, maritime Internet of Things
(MIoT) systems, cargo monitoring networks, and shipboard wireless sensor networks are applications that are
emerging and require the support of reliable and stable wireless communication infrastructures in marine applications
where harsh environmental conditions are prevailing [1-3]. The Industrial, Scientific, and Medical (ISM) band at 2.4
GHz has gained a wide acceptance for maritime wireless applications since it is compatible with the low-power
communication techniques employed in vessel monitoring system and offshore sensing systems, such as Wi-Fi,
Bluetooth, ZigBee, and others [4,5]. In maritime communication environments, multipath propagation, metallic
obstructions, electromagnetic interference and dynamic channel conditions due to movements of the vessels and
environment are severe [6]. Therefore, the wireless receiver front-end used in maritime monitoring system should
have high sensitivity, wide dynamic range and low power consumption, which means that it can receive the signal
reliably. The down conversion mixer is an important components of a wireless receiver and is used to translate
frequency from radio-frequency (RF) to intermediate-frequency (IF) or baseband domain. The passive mixers have
very good linearity and very low static power consumption, but they have a very high conversion loss [7,8]. Active
mixers, on the other hand, have conversion gain, and are thus commonly used in low-power wireless communication
receivers that demand greater signal sensitivity [9,10].

Variable-gain amplifiers (VGAs) are frequently used in receiver architectures to compensate for the different
levels of signals that may occur in maritime wireless networks. The reception adaptability in the changing channel
conditions is enhanced, and appropriate signal levels for subsequent processing are maintained by VGAs. There are a
number of co-design approaches that have been reported in the literature, namely [11-13] and [18-24] are a few that
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are commonly used for mixer-VGA. Gain variation techniques are used but they normally need extra bias current and
have a short range of gain control. A number of current-bleeding approaches have been used to enhance the gain and
power efficiency of an active mixer [14—16]. Current bleeding [17] allows the introduction of some of the bias current
into the signal path, thus increasing the conversion gain and the noise contribution. Most of the reported current-
bleeding mixers, however, offer a fixed gain and have not been able to take into consideration the wide dynamic range
requirements with source degeneration technique in maritime wireless communication systems.

In this work, a low-power down-conversion mixer employing a current-reuse variable-gain amplification
technique with inductive source degeneration technique is proposed for maritime wireless receiver applications. The
proposed architecture uses VGA within the current-bleeding path to allow amplifier current to be used without
increasing overall power consumption. A single control input provides a wide gain-control range suitable for varying
maritime communication conditions.

The remainder of this paper is organized as follows. Section 2 describes proposed model and circuit
implementation. Section 3 discusses simulation results. Finally, Section 4 concludes the paper.

2.PRAPOSED MODEL AND CIRCUIT IMPLEMENTATION

Conventional active mixer mainly consists of three stages as [i] trans-conductance stage [ii] switching stage
and [iii] a load network. Conventional double balanced gilbert mixer is shown in figure 1.

VDD
I01 102
RL RL
+ VIF -
11 12\ V13 14\
E||_V|_o+
V'—°+JE M3 M4 El E M5 M6
. VLO- .
5 I6
VRF+ J M1 M2 |_VRF_
I_Bias
=+

Figure 1. Double balanced gilbert mixer

The RF input signal is first amplified by the trans-conductance stage and then commutated by the LO switching
pair. The down converted signal is subsequently amplified by the VGA stage. The overall voltage conversion gain can
be expressed as

Ay =GRyt (D

Current passing through trans-conductance stage (transistors M1 and M2) are [ and [
I, =1, + 14, COS@gt )

Ig =1, — 14 COSW,t 3)
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Ipc is the DC bias current through trans-conductance stage (transistors M1 and M2) and orr= 2afrr is the
angular frequency of input RF signal. Currents Isand Is are switched by LO switching transistors M3-M6.

I, -1, = Is(t) (5)

I, — 1, = 1,s(t) 6)

4 1 . 1.
s(t) = —[sin o, t + 35 3w, t+ Ssin Sw,,t+..] (7)
7

Where s(t) denotes LO switching function and wro is LO frequency. Output currents through load resistors
Ry are given as:-

I =1, +1, )
Iy, =1,+1, )

Differential Output current through load resistors RL is given as —

Lovr =1oy 1o, (10
Iopr =, +1)—-U, +1,) (11)
Loyr =, = 1) =, = I3) (12)

1oyr = 1ss(t) —14s(2) (13)

Loyr = Us = 15)s(2) (14)

1oy = 21 3 €OS Wy pt.5(2) (15)

4 ) ) 1 . 1.
1oy =— 1 [sin(@, , — @ )t +sin(@, , + @ )t + Esm(a)w — W )t + gsm(a)w + Wpp )t
Vs

(16)
Where wio— wrr = wrr, is the required IF is output frequency. Voltage conversion gain (A4v) of the mixer is
given as-
4
; 1 RFRL 2
AV = :_ngL (17)
2V V2

gm of transistors at trans-conductance stage is given by —

f w
gm = 2lunCox IIDC (18)
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Where Ipc is the bias current passing through trans-conductance stag

So conversion gain is rewritten as-

2 | w
Av = 2lunCox _IDC RL (19)
V4 L

IIP3 (Third order input intercept point) is is given by —

(20)

IIP3 is the parameter of the mixer to estimate the performance of the mixer in terms of intermodulation
distortion. IIP3 of the mixer

Where o, and o3 are coefficients of first order and third order terms of ig-vgs characteristics of trans-
conductance stage MOSFETSs respectively, Expression of a; and o3 are given as-

w
(Xl: luncon]DC (21)
3
a ——(,u C zjz# (22)
3 n~"ox L 8,\/5

So Anps in terms of Ipc is given as

6/
Appy = ¢W (23)
ILII’ICUX f
Vds = Vbias - Ids RD (24)

The current-bleeding technique is used to achieve high gain and low power. In this technique, a current source
is inserted between stage [i] and stage [ii] to direct some current from switching pair. In the proposed design, the
conventional current-bleeding source is replaced by the VGA, while the mixer output is directly connected to the input
of VGA to realize a variable-gain block.

L3 and L4 are added to form a Pi type matching network consisting of parasitic capacitances at the source of
LO transistor and the drain of RF transistors, leading to improved tuning of the mixer. Figure. The pi type network
(shown in 2) consists of the gate to source parasitic capacitance of each LO transistor (M7 and M8) and the drain to
gate parasitic capacitance of the RF trans-condutance stage transistors (M3). L2 inductance also cancels the
capacitances of transistors M9, M10 and M4.
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Figure.2. Tuning of added L3 inductance with parasitic capacitances
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Figure 3. Proposed Mixer

w

Source degeneration techniques are widely used in CMOS mixer design to improve linearity, stabilize trans-
conductance and enhancing overall circuit performance. Proposed mixer integrated a current-bleeding variable gain
amplifier (VGA) with inductive degeneration technique as shown in figure 3. The circuit consists of two main blocks
[i] the mixer stage and [ii] the VGA stage. The conventional fixed-gain current-bleeding concept is modified to realize
a wide-range VGA with a different topology. As a result, the proposed design provides variable conversion gain
without much added power consumption while inherently performing current bleeding.
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3.SIMULATION RSULTS

The proposed mixer is simulated by Keysight Advanced Design System (ADS) software using 65nm CMOS
process technology with 0 dBm LO power at 1.8 DC supply voltage. . LO frequency in terms of RF frequency is given
by

fLO:fRFifIF (24)

Conversion gain (Ay) of the down conversion mixer is defined as the ratio of output IF power level to input RF
power level. Simulated conversion gain as function of input RF power level is shown in figure. 4.
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Figure 4. Variation of simulated conversion gain with RF Frequency

Figure 4 presents variation of simulated conversion gain with RF frequency range of 1.8—3.0 GHz, while the
LO frequency varied from 1.8-3.0 GHz. During simulation, an RF input power of —40 dBm and an optimized LO
input power of 0 dBm is used with IF signal of 50 MHz The maximum simulated voltage conversion gain achieved is
17.8 dB.

Figure 5 shows the simulated 1-dB compression point (P1dB) as a function of the control input. As the control
input is varied, the P1 dB changes from -17.5 dBm to — 35.0 dBm, resulting in a tuning range of about 17.5 dB. The
gradual reduction in P1 dB with increasing control input indicates a trade off between conversion gain and large signal
linearity.
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Figure 5. 1dB compression point vs control input
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The simulated relationship between the conversion gain and IIP3 is presented in figure 6. The conversion gain
rises from about —30 dB at IIP3 about =30 dBm to 16 dB at IIP3 about +30 dBm. The conversion gain is high in the
IIP3 range from —15 dBm to +10 dBm and starts to saturate beyond this point and is almost constant at about 16 dB.
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Figure 6. Variation of CG and I1P3
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Figure 7. IIP3 vs control voltage

The conversion gain is shown in Figure 7 as a function of the control input. The conversion gain is raised from
around -30 dB at 0 mV to about 16 dB at 800 mV, giving a tuning range of almost 46 dB. The gain rises sharply
between 200 and 500 mV, and comes to saturation for control input levels greater than 600 mV.

The simulated noise figure (NF) of the proposed mixer against IF frequency is shown in figure 8. For the center
tapped inductor configuration between L5 and L6 in conjunction with the proposed current-bleeding amplification
technique, both flicker and thermal noise components are well suppressed. This results in simulated NF ranging from
~22 dB at 10 kHz to ~6.7 dB at 100 MHz. The effect of the flicker (1/f) noise is seen in the lower frequencies of IF,
as described above, where a rapid decrease in NF is observed; beyond 10 MHz the value of NF is close to 6.7 dB,
which is a stable value for the wideband noise performance. The very low and stable NF of the achieved design
illustrate the excellent receiver sensitivity enhancement that has been achieved with the proposed architecture while
maintaining the conversion gain. The almost flat NF above 10MHz indicates that thermal noise is the predominant
noise factor while flicker noise is negligible.
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Figure 8. simulated NF vs IF frequency

The simulated NF drops from ~ 22 dB at 10 kHz to 6.7 dB at 100 MHz and is almost flat outside of 10 MHz.
As seen in figure 9, the simulated port-to-port isolation is greater than 35 dB over the 1.8-3.0 GHz RF frequency
range, while the LO-IF, LO-RF, and RF-IF isolations are ~ 52-57 dB, 35-48 dB and 38-45 dB, respectively. With the
output buffer disabled, the mixer core takes 4.8-5.4 mW from a 1.8 V supply, the VGA stage consumes 2.3 mA, the
LO switching stage consumes 0.25 mA and the RF stages consumes 3.4 mA.
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Figure 9. port to port isolation vs RF Frequency
4.CONCLUSION

In this paper, we presented a low-power 2.4 GHz CMOS receiver mixer for maritime wireless communication
and shipboard monitoring applications. The proposed mixer achieved 17.8 dB conversion gain and a wide gain-control
range exceeding 44 dB over 1.8—-3.0 GHz operation. The mixer exhibited an 8 dB DSB noise figure, greater than 34
dB port isolation and consumed only 4.8—5.4 mW from a 1.8 V supply. The current-bleeding VGA architecture and
Inductive source degeneration technique enabled efficient gain tuning under varying channel conditions while
maintaining low power operation. These results demonstrate the suitability of the proposed design for compact and
energy-efficient wireless receiver systems.

References

1. H. Errachdi, I. Felis, E. Madrid, and R. Martinez, "Bridging the Gap: Challenges and Opportunities of IoT and Wireless
Sensor Networks in Marine Environmental Monitoring," Engineering Proceedings, vol. 58, no. 1, Art. no. 102, Nov.
2023, doi: 10.3390/ecsa-10-16158.

2. G.].Alqahtani and F. Bouabdallah, "Routing Protocols Based on Node Selection for Freely Floating Underwater Wireless
Sensor Networks: A Survey," EURASIP Journal on Wireless Communications and Networking, vol. 2023, Art. no. 117,
Nov. 2023, doi: 10.1186/s13638-023-02324-6.

3. J.Murali and T. Shankar, "A Survey on Localization and Energy Efficiency in UWSN: Bio-inspired Approach," Discover
Applied Sciences, vol. 6, Art. no. 633, Nov. 2024, doi: 10.1007/s42452-024-06318-x.

783



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

E. Salerno, C. Di Paola, and A. Lo Duca, “Remote Sensing for Maritime Monitoring and Vessel Identification,” Remote
Sensing, vol. 16, no. 5, Art. no. 776, 2024, doi: 10.3390/rs16050776.

R. Spanier and C. Kuenzer, “Marine Infrastructure Detection with Satellite Data—A Review,” Remote Sensing, vol. 16,
no. 10, Art. no. 1675, 2024, doi: 10.3390/rs16101675.

H. Errachdi, 1. Felis, E. Madrid, and R. Martinez, “Bridging the Gap: Challenges and Opportunities of IoT and Wireless
Sensor Networks in Marine Environmental Monitoring,” Engineering Proceedings, vol. 58, no. 1, Art. no. 102, 2023.

A. D. Martinez-Perez, F. Aznar, G. Royo, and S. Celma, “Analysis of Non-Idealities on CMOS Passive Mixers,”
Electronics, vol. 10, no. 9, Art. no. 1105, 2021.

H.-R. Jeon, B.-H. Yun, H.-K. Lee, S.-G. Lee, and K.-S. Choi, “A 250-GHz Wideband Direct-Conversion CMOS Receiver
Adopting Baseband Equalized Low-Loss Resistive Passive Mixer,” IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 70, no. 10, pp. 3852-3856, 2023.

A. Vaghela and H. Koringa, “Advances in Active Down-Conversion Mixer Linearity Techniques: A Comprehensive
Review,” Discover Electronics, vol. 1, Art. no. 3, 2024.

C.-W. Lim, J.-Y. Lee, M.-G. Kim, and T.-Y. Yun, “Noise-Reduced and PVT-Robust Double-Balanced CMOS Mixer
Using Common-Mode Feedback,” IEEE Access, vol. 11, pp. 72195-72208, 2023.

J. Jiang and C. E. Saavedra, “A CMOS Variable-Gain Active Mixer for Multi-Standard Wireless Receivers,” IEEE
Transactions on Microwave Theory and Techniques, vol. 55, no. 11, pp. 23162324, Nov. 2007.

C. C. Boon and X. Yi, “A 0.18-um CMOS Variable-Gain Down-Conversion Mixer Using a Negative-Impedance Load,”
IEEE Microwave and Wireless Components Letters, vol. 18, no. 9, pp. 610—612, Sept. 2008.

Y. Xu, J. Zhou, and H. Wang, “A CMOS Variable-Gain Mixer with Transconductance Control and Programmable Load
for Wireless Receivers,” IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 58, no. 8, pp. 473-477, Aug.
2011.

M. Darvishi, R. van der Zee, and B. Nauta, “Design of Active CMOS Mixers Using the Current-Bleeding Technique,”
IEEE Journal of Solid-State Circuits, vol. 44, no. 12, pp. 3462-3470, Dec. 2009.

S. Kim, J. Lee, and K. Lee, “A Low-Power Current-Bleeding CMOS Down-Conversion Mixer for IEEE 802.11b/g
Applications,” IEEE Microwave and Wireless Components Letters, vol. 22, no. 6, pp. 310-312, June 2012.

C.-W. Lim, J.-Y. Lee, M.-G. Kim, and T.-Y. Yun, “Noise-Reduced and PVT-Robust Double-Balanced CMOS Mixer
Using Common-Mode Feedback,” IEEE Access, vol. 11, pp. 72195-72208, 2023.

M. Darvishi, R. van der Zee, and B. Nauta, “Design of Active CMOS Mixers Using the Current-Bleeding Technique,”
IEEE Journal of Solid-State Circuits, vol. 44, no. 12, pp. 3462-3470, Dec. 2009.

C.Y. Lai et al., “A CMOS mixer with capacitor cross-coupled linearization technique,” AEU-International Journal of
Electronics and Communications, 2020.

M. Ahmed et al., “Wideband merged balun-LNA and I/Q mixer architecture for RF receivers,” Microelectronics Journal,
2021.

N. T. Nguyen et al., “Highly linear wide-band down-conversion mixer for direct-conversion receivers,” Journal of
Military Science and Technology, 2022.

Y. Song et al., “A variable-gain mixer-first receiver with discrete-step attenuator and noise-shaping TIA,” IEICE
Electronics Express, 2023.

R. Wang and J. Wen, “A 30-60 GHz broadband low LO-drive down-conversion mixer with active IF balun,”
Micromachines, 2024.

J. Kim et al., “A reconfigurable broadband CMOS variable-gain mixer for low-power wireless receivers,” IEEE Access,
2025.

G.-S. Lee, P. B. T. Huynh, S.-Y. Choi, and T.-Y. Yun, “Low power and wide gain-range mixer using current-bleeding
variable-gain amplification,” Microwave and Optical Technology Letters, vol. 68, Art. no. ¢70607, 2026,
doi:10.1002/mop.70607.

784




    A  v =   G  m   R  o u t

