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Analysis and Design of Simultaneous Dual Band
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Abstract—This paper presents an enhanced efficiency
simultaneous dual band energy harvesting system for wireless body
area network. A bulk biasing is used to enhance the efficiency of the
adapted rectifier design to reduce Vy, of MOSFET. The presented
circuit harvests the radio frequency (RF) energy from two frequency
bands: 1 GHz and 2.4 GHz. It is designed with TSMC 65-nm CMOS
technology and high quality factor dual matching network to boost
the input voltage. Full circuit analysis and modeling is demonstrated.
The simulation results demonstrate a harvester with an efficiency of
23% at 1 GHz and 46% at 2.4 GHz at an input power as low as -30
dBm.
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1. INTRODUCTION

N a body sensor network, it is crucial that the sensor has

unlimited lifetime and that its footprint remains small
enough to be comfortably used on or inside the human body.
Usually, sensor nodes use a battery as a power supply.
However, this limits the life time of the node. Alternatively,
energy harvesting using ambient RF energy can provide an
unlimited source of power. RF energy is available from
different communication services such as TVs, cell phones
and radios and is distributed over a frequency range between
900 MHz and 2.4 GHz. However, this energy is limited due to
the free space attenuation as well as other losses in the
wireless channel such as multipath, fading, reflection and
absorption. The free space loss is a function of the distance
between the source of the RF signal and the device as given by
the Friis equation [1]. These losses reduce the amount of the
received power which is already limited by the Federal
Communications Commission (FCC) regulations [2].

In order to take full advantage of the available wide range
of RF power, a multi-frequency energy harvester is a feasible
solution to extend the bandwidth and to provide multiple
power supplies. In many applications, multiple voltage sources
are required. For instance, a supply voltage of 1 V is needed
for an analog block in RFID circuits or sensor nodes. While, a
0.4V or less is enough for digital blocks. Usually, a DC-DC
converter is used to solve this problem in single converter
applications, however, this solution might compromise the
efficiency. Furthermore, it’s possible nowadays to design a
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dual or multi band RF rectifier using single antenna thanks to
the different architectures has been proposed for the dual band
antenna [3]-[6]. These structures opened the door for area
efficient simultaneous multi band RF harvesting without the
need to multiple antennas.

Recently several work has been proposed for the dual RF
band harvesting system, however, the simultaneous
scavenging efficiency needed to be further improved. For
instance, in [7], a simultaneous dual band energy harvester is
presented. The design uses a “pre-set biasing network™ to
reduce the threshold voltage. It uses an array of large off-chip
resistors and capacitors that limit the efficiency to 9.1% at
900MHz and 8.9% at 2GHz. In [8], a slightly improved
efficiency was achieved for dual band rectifier. However, this
enhancement related to the use of Schottky diodes as they
have lower turn on voltage. However, these diodes are not
preferred with CMOS fabrications as they require extra
processing steps. In [9], a dual band RF rectifier is
implemented using variable capacitance to resonate at two
different frequencies and switch between them based on the
amount of the input power. Although this work presents a high
efficiency rectifier, it didn’t harvest from dual RF bands
simultaneously and didn’t generate a multiple voltage sources.
Actually only a single source at each allocated frequency was
presented.

In this research, our target is to maximize the simultaneous
power transfer in dual frequency bands. For this purpose, this
work demonstrates an enhanced efficiency dual band energy
harvester.

The paper is organized as follows. In Section II, the
boosting network is discussed. Section III analyze the dual
impedances and the principle of operation. In Section IV, an
enhanced differential rectifier is presented. The simulation
results for a new dual frequency energy harvester are
discussed in Section V. The conclusion is drawn in Section
VL

II. THE MATCHING NETWORK

The impedance matching network between the antenna and
the rectifiers play important rule in power transfer. To achieve
maximum power transfer, a matching network ensures that the
harvester impedance matches the antenna impedance. Also,
the matching network can be used to improve the rectifier
sensitivity by boosting the input power to a higher level. Fig. 1
represents the equivalent circuit of the energy harvester circuit
where the energy converter is modeled with a parallel
capacitor and resistor. By using a parallel to series
transformation and using Kirchhoff's Law (KVL), we can
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obtain the boosting voltage (Vipeost). (1) determines the
capacitor voltage which is equivalent to Vyost. Knowing that
Qc = w—iR . It’s clear that, by increasing Q, the boosted voltage
amplitude will also be increased. In other words, the matching
network can be used to optimize power transfer and voltage
boosting therefore we used a high Q matching network in this
design.

Table I represents the L-matching network specifications
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a) The lumped parallel equivalent

for 1GHz and 2.4GHz in terms of area. As can be seen,
although, dual inductors are used, the size of the harvester is
still very compact. Actually, choosing the frequency was
selected based on the available ambient bands and with
minimum area.
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Fig. 1 Modelling of the boosting network in RF-DC system
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Fig. 2 Modelling the impedance of the dual frequency harvester

TABLEI
L-MATCHING NETWORK SPECIFICATIONS

L (nH) Q turns Width (pum) Length (um)
Rec 1 8.1nH 13 5 364.99 357.495
Rec 2 1.289 18 2 306 295

III. DUAL BAND MATCHING NETWORK ANALYSIS

Fig. 2 (a) represents the simultaneous dual band RF-DC
harvesting system. This work is using a multi band single
antenna that resonates at two targeted frequencies w, and w,
as shown in Fig. 2 (b) where each converter is represented by
a parallel resistor and capacitor. Each converter is designed to
resonate at its specific frequency in a way that w, = 2.4 w;.
At w;, the impedance for the first converter is purely

resistive. It is equal to Z;(w;) = R; and matched to the
antenna impedance. However, for the second converter which
does not resonate at w; , the impedance is not purely resistive,
and thus does not match to the antenna impedance. Similarly,
at w,, the first converter does not resonate, the impedance is
not resistive and does not match the antenna impedance, while
for the second converter, and the impedance is purely
resistive Z,(w,) = R,. From Fig. 2 (c), the impedance of each
converter at w; , W, are expressed as:

Zy(w1) = Ry —2jQ3R, 2

Zy(wy) =Ry +2j 3)
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In summary, our analysis shows that each converter input
impedance Z, and Z; observed at the non-resonate frequencies
(w1, w,) respectively is a function of the inductor Q-
factor. Based on that and in order to maintain a high
impedance at these frequencies, a large Q-factor is required.

IV. THE RF-DC CONVERTER DESIGN

RF energy harvester is a key building block in many
wireless applications like WBAN, WSN and RFID. It converts
the AC signal to DC voltage. The classic Dickson multiplier
[10] consists of a cascade of diode-connected MOS transistors.
At each node of the diode chain, the RF signal is injected
through a pair of coupling capacitors. Through charge sharing,
the output voltage of each stage will be effectively multiplied
with respect to that of its input. The dimension of the
transistor (W/L), the number of stages (N) and the size of the
coupling capacitor (C) are key design parameters. For

output DC voltage and the sensitivity required to turn on the
CMOS rectifier.

The power conversion is defined as the ratio of the DC
output power to the RF input power and it is an important
parameter to measure the harvester efficiency. The Dickson
multiplier suffers from a very poor power conversion
efficiency (PCE) due to the losses associated with the Vth
required to bias the MOS transistor. The DC output voltage in
this type of CMOS converters [10] is defined by:

Voe = 2.N(Vin- Vi) “4)

The lower Vy, the higher output voltage and hence better
efficiency. Actually, as the gate voltage is increased, the
MOSFET on-resistance is reduced as expressed in (5) and
effectively, a better PCE can be achieved.

1
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Fig. 3 The adopted differential rectifier [11] enhanced with dynamic bulk biasing

In this work, we adopted the Vy, cancellation technique
proposed in [11] to design two CMOS rectifiers working at
1GHz and 2.4GHz. Fig. 3 shows a three stages differential
rectifier with bulk biasing. To enhance the efficiency and
reduces the losses associated with turn on voltage, we
dynamically biased the bulk by tying it to the drain terminal to
utilize the relation in (6):

Vo =VTN0+y\/|2®f+VSB|—,/2¢f (6)

where, Vy is the threshold voltage of NMOS, Vv is the zero
bias threshold voltage with Vgg=0, v is called the body factor.
TSMC 65nm technology offers deep N-well layer and this can
be used to isolate the bulk when it’s forward biased. Fig. 4
represents the output voltage of the dual band system as a
function of input voltage. This technique helped to increase the
output voltage of the adopted design with a 25% at 1GHz and
2.4GHz respectively as shown in Fig. 5. The rectifier output
was measured at one, two and three stages in Fig. 6 and as can

be seen, a three stages is necessary to reach 1V supply, also,
this technique helped to improve the sensitivity as well and
dropped it to -30dBm.

V.THE DUAL BAND ENERGY HARVESTER

The harvester is implemented with TSMC 65-nm
technology and the simulations are carried out using Cadence /
Spectre. The minimal input power is 36 mW which
corresponds to 60 mVpk using a 50 Q matching impedance,
and the load impedance is 30 KQ. The system performance
was optimized to enhance the efficiency using extensive
parametric analysis. It was found that for a minimum channel
length L=150 nm, the optimum channel width W=450 p m for
NMOS and two times the width for PMOS transistor with
Crec=7 pF. Fig. 7 represents the harvester power conversion
efficiency curves at 1 GHz and 2.4 GHz. The efficiency was
23% at 1 GHz and 46% at 2.4 GHz respectively. Table II
summarizes this work as compared to previously published
work. As can be seen, this work provides better PCE at low
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input as 60mV for simultaneous harvesting while keeping the
sensitivity low as — 30dBm.
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Fig. 4 The output voltage of the proposed dual band harvester system
using bulk biasing technique

1.75
Bulk-drain connection
1.5
1.25
S 1.0
5
; 75
Bulk-Source connection

.59
25

o T T T T T

o 50 100 150 200 250 300
vin (E-3)

Fig. 5 A comparison between the output voltage when
Vbulk=Vsource and when Vbulk=Vdrain
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Fig. 6 The output voltage of the bulk biasing differential rectifier for
different numbers of stages at 2.4GHz and R; =30KQ

TABLE I
PERFORMANCE COMPARISON
This work [9] [71 [8]
Min. input -19.3dBm -10dBm
voltage 60mv 40mV 35mV -15dBm
Output  1.3V@IGHz 0.9V@0.95GHz 1V @0.9GHz
voltage  1.1@2.4GHz 1V@2.4GHz 1V@1.9GHz —
Load 1.5MQ
resistance 30KQ, 30KQ S0kQ 1 MQ —
No. of
rectifiers 2 ! 2 2
25% @ o 11% @ 39%%**
Efficiency 1GHz* 33 4239@5GHZ 0.9GHz @575MHz
PCE% 42% @ 5 4(:1)Hz 14% @ 78%**
2.4GHz ' 1.9GHz @900MHz
Simulations Not 900MHz 500MHz
dual freq. 1GHz 2.4GHz simultaneous 1.9GHz 900MHz
CMOS .
65nm 0.13um 0.13um Not in CMOS
Technology

*The P, was calculated for 50Q antenna impedance and measured at -
14.3dBm input power.
** This PCE at 0 dBm.
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Fig. 7 The power conversion efficiency at Vn-60mV, Ra=50Q and R;=30KQ

VI. CONCLUSION

RF energy harvesting is a promising solution to replace or
recharge a battery in the wireless body area network. In this
paper, an analysis was conducted to find the rectifier voltage

gain. A dual band harvester with insensitive Vth design was
proposed with detailed analysis. The simulation results
demonstrate a harvester with an output voltage equal to 1 V at
2.4 GHz and 0.75 V at 1 GHz respectively and at input power
as low as 36 mW. The load impedance is 30 KQ and PCE
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were 25% at 1 GHz and 42% at 2.4 GHz respectively.
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