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Abstract: This work presents an analysis and design of the two barrier-quantum well
asymmetric spacer tunnel layer (QW-ASPAT) diodes for implantable rectenna circuits
application. The RF and DC characteristic of a 10x10um? QW-ASPAT devices based on
GaAs and Ings3Gao47As platform was simulated and extracted by using SILVACO atlas
software. The highest extracted curvature coefficient, ky value of the both QW-ASPAT
devices at zero bias was about 33V-! compared with the standard structure GaAs/InGaAs
was about 13V, The effects of changing in the thickness of the thin AlAs-barrier, the
well width, and the spacer layer are fully investigated on the non-linear relationship
between current and voltage of these diodes. A CV simulation was carried out, and it
was found that the addition of the quantum-well layer between spacers and barrier
reduced the junction capacitance of the QW-ASPAT device when compared with
standard devices. The cut-off frequency of the proposed QW-GaAs and QW-InGaAs
devices are 26GHz and 46GHz respectively. Finally, we conclude that the QW-ASPAT
device is the best structure and can be used for microwave rectifiers in the miniaturized
integrated rectenna systems.
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ASPATSs is a rectifier high frequency diode that Syme
and Kelly initially created in 1992 [6]. It has several
advantages such as zero bias voltage operation,
insensitivity with temperatures, low noise, and high
speed [7]. The ability of lower energy carriers to pass
through a higher energy barrier is known as tunneling

1 Introduction

HE Schottky-barrier-diodes (SBDs) is the most
common microwave detector diode which has been
used since the 1940 [1]. A rectifying/detection diode's
need for the capability to production a nonlinear current

voltage (I-V) characteristic [2]. The fact that the current
transmission mechanism in an SBDs is highly influenced
by temperature, it makes it more difficult to employ an
SBD in commercial and medical applications. There are
several detection devices that portion the similar
properties like planar doped barrier (PDB) [3],
germanium backward diode (GBD) [4], and the
asymmetrical spacer tunnel layers (ASPATS) [5]. The
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and is a quantum mechanical phenomenon. As zero bias
detector diodes for high frequency applications, tunnel
diodes based on QW-InGaAs platforms have been
offered for a long time [8]. These diodes have an
asymmetrical two un-doped spacers (1, 2) layers
thickness of 200:5, quantum well (tw), and the AlAs-
barrier (t,) [Monolayers (MLs)] sandwiched between
two spacers. So, these devices have asymmetrical 1-V
characteristics [9]. The figure of merit for any detector
or rectifier diode is the curvature coefficient ky which
can be extracted from DC simulation for ASPAT diode.
The key ky of the SBD diode is reached to about 40V
[10], while the ky of the Sh tunnelling diode is 47V
[11], and the Germanium (Ge) based diodes are 70V* or
more [12]. The highest number reported for the ky of the
ASPAT diode are 11 V! and 10 V! for standard and
proposed devices (GaAs, and InGaAs) respectively [13].
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In this work, a two new devices structure (QW-GaAs
and QW-InGaAs) are proposed to increase the ky to
about more than 30V by adding quantum-well to the
thin spacer sides (S:1 and S). The effects of the changing
in the thicknesses for the spacers layer, well layer, and
thin barrier to the DC and RF characteristics are
optimized and simulated by using SILVACO ATLAS.
The simulated results and further optimization of the
both new structure devices are analyzed and discussed.
In addition, it's observed that the current flow through
diodes is increased when the mesa size device is
increased from 16um? to 100um?. The cut off frequency
of both 10x10pm? QW-ASPAT devices are 26GHz and
46GHz respectively.

2 Physical Modelling of QW-ASPAT Diodes

Structures

The two standard ASPATSs diode based on GaAs and
InGaAs platform was developed on Semi-Insulating (S-
I) GaAs. SILVACO ATLAS software is used to design
and simulate of the both GaAs/InGaAs devices. The
epitaxial layer of the both standard GaAs and InGaAs
ASPAT devices are listed in Table 1. The main active
area of these diodes consists of a thinner AlAs barrier
with thick of 10MLs (2.83nm) that is placed between
two un-equal InGaAs spacers by ratio of thick (200nm
and 5nm). The curvature coefficient (ky) is one of the
key Figure of Merit for any tunnel diode which different
its value from design to other and it's represented the
second derivative divided to the first derivative of the
current voltage (I-V) curve as shown in Eq. (1) below.
The highest value of the ky for both standard ASPAT
devices are 13V and 12.6V! respectively. The
conduction-band (C-B) characteristics of a typical
ASPAT at different biases is shown in Fig. 1(a). At the
AlAs Barrier's base, electrons accumulate and tunnel
through it when the bias is in the forward direction.
When the bias is reversed, the accumulation layer cannot
form because the band-level is not crooked enough,
which significantly reduces current flow. In order to
increase the factor (ky) at the OV bias, there must be a
substantial difference in current between the forward
bias and the reverse bias. One method to widen the gap
between two biases in the ASPATS diode is the adding a
quantum-well to the narrower spacer sides. Therefore,
the new structures of the ASPAT diodes are the QW-
GaAs ASPATs and QW-InGaAs ASPATs were
proposed. Table 2 describes the epi-layers model of the
both proposed QW ASPAT devices. The mesa size area
of the QW ASPAT devcie has been used in this work is
10x10um?. In reverse bias, the AlAs barrier height is
now higher than in forward bias. Fig. 1(b) shows the
conduction bands for both proposed QW ASPAT diodes
based on GaAs and InGaAs with 6nm Ing 18Gag s2As and

Ing.sGag.2As quantum well respectively. The C-B profiles
of these QW ASPAT devices around the barrier is
shown in Fig. 1(c).

The semiconductor-insulator-semiconductor ~ (SIS)
model was used to generate the |-V characteristic of the
both ASPATSs device [14]. This model determines the
probability of the transmission by using the Schrodinger
equation which can be evaluated by Eq. (2). The variable
parameters are the material effective mass (m*), (k) is
Boltzmann constant, and (h) is the Planck constant. The
fermi-levels (F.) of the spacer layers sandwiched
between two side barriers are Er and Eg [15].

L )

v a2v/ av @
EErE
*KT (oo 1 kT
] =T b T(E)ln[prl—E} dE @)
1+eCRT)

Table 1 Epitaxial layer structures of the both GaAs and
InGaAs standard ASPATS device.

Thickness GaAs - AlAs Ing.5:Gap.47As - AlAs
[nm] Layers Doping Layers Doping
[em] [em3]

300 Gahs (ohmic 1) Ax10% Ing s2Gag a7As (ohmic 1) 1.5x1012
35 GaAs (emitter) 1x10%7 Ing s3Gag a7As (emitter) 1x1047
5 GaAs (spacer 1) — Ing53Gag.47As (spacer 1)

2.83 AlAs (barrier) — AlAs (barrier) —

200 GaAs (spacer 2) — Ing s3Gag 47As (spacer 2) _—
35 GaAs (collector) 1x1077 INg.s3Gap.47As (collector) 1x10%7

350 GaAs (ohmic 2) Ax10% Ino 53Gap «7As (ohmic 2) 1.5x10#

Table 2 Epitaxial layer structures of the both QW-GaAs and
QW-InGaAs ASPATS device

Thickness QW- GaAs - AlAs QW- Ing53Gag.q7As - AlAs
[nm] Layers Doping Layers Doping
[em=] [em=]
300 GaAs (ohmic 1) Ax101 Ing £3Gag.47As (chmic 1) 1.5x10%°
35 GaAs (emitter) 1x1077 Ing53Gag.7As (emitter) 1x1077
5 GaAs (spacer 1) — INg 53Gag a7 As (spacer 1) —
Ing 15Gag s2AAS Ing sGag 2As
6 well — well —
2.83 AlAs (barrier) — AlAs (barrier) —
200 Gahs (spacer 2) — Ing s:Gag a7As (spacer 2) —
35 GaAs (collector) 1x1077 Ing.s:Gag.a7As (collector) 1x1077
350 GaAs (ohmic 2) Ax101 Ing 53Gag 47As (ohmic 2) 1.5x10%
T B T T T T
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Fig. 1 Conduction Band (CB) of the typical ASPATSs devices
with different biases. (b) Zero bais CB profile for both QW-
ASPAT diodes, (c) conduction-band profile nearly the barrier-
well structure for device in part (b).

SILVACO atlas was used to define the mesh structure
model of the QW-InGaAs ASPAT diode which specified
seven regions with an epitaxial layer is shown in Fig. 2
for mesa size 10x10um?2,

Thickness (m)

s i i !
Length (um)

Fig. 2 Device mesh structure of the new proposed QW-InGaAs
ASPAT diode.

3 Simulation Results and Discussion

3.1 Temperature Dependent Simulation

The impact of temperature variations on the I-V
characteristics of ASPAT devices is the main topic of
this section. Theoretically, the band-gap, effective mass
of electrons, light hole mass, heavy hole mass,

permittivity, and mobility of the electron-hole pair are
among the various material properties that are impacted
by temperature variations. The SBD diode is most
commonly used for detector/rectifier circuits, but it has
strong sensitivity with temperature which affects to 1-V
characteristics. The transport mechanism of the charge
carriers in SBD by thermionic emission causes high
noise. Whereas, the ASPAT diodes the tunneling
transport mechanism is dominant due to the height of
AlAs barrier being higher compared to SBD.

SBD diodes are most frequently employed in
detector/rectifier circuits because of their great
temperature sensitivity, which has an impact on their 1-V
properties. High noise is produced by the thermionic
emission technique used in SBD to convey the charge
carriers. In contrast, because the AlAs barrier is higher
than the SBD barrier, the ASPAT diodes are the
tunneling transport mechanism, which is dominant. As a
result, ASPAT diodes have a few advantages to SBD
such as high speed, low noise, and extremely low
temperature sensitivity. Figure 3 shows the temperature
sensitivity of SBD and ASPAT diodes. It is evident that
the SBD changes are far greater than ASPAT changes.
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Fig. 3 The simulated I-V characteristics of SBD and ASPAT
diodes as a function of temperatures.

3.2 Device DC Characteristics
The DC characteristic of the both standard and new
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device ASPATSs diodes were simulated for a size device
of 10x10um? using SILVACO ATLAS. From the DC
simulation, the I-V characteristic of these devices
investigated at 300°k with a range of bias voltage (-2V to
2V) by 0.01V step changed. Fig. 4(a) shows the IV
curve of the proposed diode (QW InGaAs/AlAs-
ASPATS) at all mesa size (16pum?, 36um?, and 100um?).
It's observed at (-2V) of bias input voltage that the
current flow through diodes is reduced from (14pA) to
(0.9pA) when the mesa size device is decreased from
100um? to 16pum?2. Therefore, in this paper we take a
10x10um? size device because it has a high current flow
compared with other sizes. As expected, the simulation
of the new structures of the ASPAT devices show a
leakage current is high reduced compared with
conventional ASPAT devices such as GaAs and InGaAs.
The QW GaAs based on quantum well Ing18GagsAs
device having a leakage current of (147 pA) and the QW
InGaAs based on InosGag2As diode having a current of
(14pA) at bias voltage of -2V compared with (1.1mA)
and (ImA) for GaAs/InGaAs standard ASPAT devices
respectively for same size devices (100um?). These
expected values of the currents on the IV curve for
standard and proposed devices have been investigated
and simulated. Fig. 4(b) shows the IV characteristic of
the GaAs and QW GaAs at zero bias for 100um? device.

From the |-V simulated data, the ASPAT devices'
critical parameters were extracted. The DC-key
parameters (R; and ky) have been obtained at zero bias-
voltage as shown in Fig. 5. It spotted that the highest ky
was extracted at zero bias about 33V for both new
proposed ASPAT devices compared with standard GaAs
diode of 13V, it is mean that the proposed ASPAT
diode is operated as a rectifier / detection correctly. The
R; parameter is increased to much-value about 206kQ
for size device 100um? when added quantum well
(optimum value of 6nm) to thin barrier layer. Fig. 5(b)
shows the extracted junction resistance R; of the device
at bias varied from -2V to 2V. These high values of the
R; are undesirable for the ASPAT devices due to taking
large dimensions in the fabrication. Therefore, device
optimization is necessary and will be explained in the
next section.

—— GaAs ASPAT
0.01 | —— Proposed QW GaAs

0.001

Current (A)

10x10um?

20 -15 -10 -05 00 05 1.0 15 20
Voltage (V)
Fig. 4 (a) The simulated 1V characteristic of the proposed QW-
InGaAs for all mesa size device, (b) IV curve of the 10x10um?
GaAs and new QW-GaAs.

From the |-V simulated data, the ASPAT devices'
critical parameters were extracted. The DC-key
parameters (R; and ky) have been obtained at zero bias-
voltage as shown in Fig. 5. It spotted that the highest ky
was extracted at zero bias about 33V for both new
proposed ASPAT devices compared with standard GaAs
diode of 13V, it is mean that the proposed ASPAT
diode is operated as a rectifier / detection correctly. The
R; parameter is increased to much-value about 206kQ
for size device 100um? when added quantum well
(optimum value of 6nm) to thin barrier layer. Fig. 5(b)
shows the extracted junction resistance R; of the device
at bias varied from -2V to 2V. These high values of the
R; are undesirable for the ASPAT devices due to taking
large dimensions in the fabrication. Therefore, device
optimization is necessary and will be explained in the
next section.35
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Fig. 5 (a) The curvature coefficient kv, and (b) the junction
resistances Rj extracted for the standard and proposed 100pm?
size ASPAT devices.
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3.3 Device RF Characteristics

SILVACO atlas tool uses to extract the RF
characteristic of the both ASPAT devices, the scattering
parameters (Si1) is measured and simulated at room
temperature 300°k. Agilent advanced-design-system
(ADS) software has been used to create the circuit model
in order to calculate the other key parameters of the
ASPAT devices such as junction capacitance, C; and
series resistance Rs [16]. The measurements were taken
in steps of 40 MHz from 40 MHz to 40 GHz for
frequency and 0.1V step from (-0.6 to 0.6V) for input
bias voltage. Fig. 6(a) shows the equivalent circuit
model of the ASPATS diode used in this paper. The Si1
data (Magnitude, and phase value) were simulated for
10x10um? of the new device ASPAT as shown in Fig.
6(b). As can be observed from this figure, excellent
matches between data simulation from the SILVACO
atlas and an equivalent model created by using the slp
block found in the ADS package.

The C-V simulation of the ASPAT didoes has been
investigated by using numerical results in SILVACO
atlas to obtain the C; values as a function of bias applied
voltage for range (-0.6 to 0.6) V. The Cj is increased
when the mesa size device increases under zero and
forward biased voltage. The key C;j of the both 100um?
GaAs and proposed QW-GaAs diodes extracted at zero
bias are 180fF and 107fF respectively as shown in Fig. 7
(a). While the C;j of the InGaAs and QW InGaAs devices
are 157fF and 65.6fF respectively for the same size area
is shown in Fig. 7(b). In the same manner, The R; of the
ASPAT devices increase under zero and forward bias
voltage, matching the behavior of calculated C;j. This is
because the layer of un-doped spacers is not completely
depleted. The accumulating region at the device barrier's
base increases capacitance when it is biased forward.
Fig. 7(c), and (d) describes the Rs value of the both
conventional and new structures ASPAT diodes.

The cut off frequencies (f;) and operating frequency
(fo) are the most important factor to evaluate working of
the tunnel ASPAT devices. These frequencies depended
on the Rs and C; extracted from the RF properties for
these diodes. The f, frequency represents a 1/3 value of
the fc. The f; can be calculated by Eqg. (3). The f; of the
both new structure diodes used in this work are 26GHz
and 46GHz respectively. Table 3 shows the complete
key parameters extracted at zero bias of the all ASPAT
devices for the mesa size of 100um? This table shows
that the QW InGaAs and QW GaAs have higher f;
frequencies than the standard GaAs/InGaAs diodes.

fe=1/@2*m*Rs x () ®)
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Fig. 6 (a) The circuit model of ASPATS is made by ADS (b)
S11 parameters of the proposed 100um2 QW-InGaAs ASPAT
device at bias of OV.
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Fig. 7 (a), (b) Extracted capacitance Cj of the both standard
and proposed new 10x10um2 ASPAT diodes plotted with
input voltage. (c), (d) The value of the resistance Rs for the
both standard and new structure ASPAT with the same size.

Table 3 Extracted zero bias parameters for proposed and
others ASPAT devices

ASPAT Device Mesa Size Ky R Rs G fe 7

o
Structure Device v [kQ] Q] [fF] [GHz] [GHz]
[um?]
Standard GaAs/AlAs 4xa 13 24 62 34 75 25
6x6 712 55 77 38 13
10x10 154 47 180 19 65
Standard 4x4 126 305 53 222 135 45
Ing.s3GaoqAs/AlAs 6x6 903 50 60 53 18
10x10 195 45 157 23 7.5
Proposed New structure 4x4 25 126 65 17.2 143 47
QW-GaAs/AlAs 6x6 224 56 39 73 25
(GaAs/AlAs with 6nm
1na15Ga0spAs quantum well) 10x10 807 57 107 2 9
Proposed New structure axa 33 31790 S0 105 303 101
QW-InGaAs/AlAs 6x6 246 52 234 130 24
(Ing.53Gag,a7As with 6nm
10x10 206 525 656 46 15

Ing.sGap.2As quantum well)

4 QW ASPAT Device Optimization and Discussions

In this section, we describe the effect for both of the
thin AlAs barrier thickness (MLs), the spacers side layer
(S1 and Sy) in nm, and the quantum well thickness to
both characteristics (RF, and DC) of the ASPAT diodes.
Firstly, the barrier thickness (t») of the both QW-ASPAT
tunnel diodes has an exponentially impact on the
electron tunneling through it, this effect leads to make
the 1-V Characteristic show asymmetric-behavior,
forward and reverse current rise by two orders of
magnitude. Fig. 8(a) shows the effect t, to the
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characteristic of the proposed QW-GaAs ASPAT diode
when the mesa size device of 100pm? and the spacer 1, 2
(S1, and Sy) are 5nm and 200nm respectively. Fig. 8(b)
explain the effect t, to the proposed QW-InGaAs
ASPAT diode characteristic. Thus, the optimum value of
the thick (tp) has been selected in this work is 10MLs
(2.83nm) and reported in table 2.

10x10pum? QW-GaAs ASPAT

Current (A)
m
s

—&— 6MLs

1E-6
—o— 8MLs
1E-7 —A— 10MLs
) —v— 12MLs
B Q) 14MLs
1E_g T T T T T

T T T
20 -15 -10 -05 00 05 10 15 20
Voltage (V)

10x10um? QW-InGaAs ASPAT

0.1
0.01
_ 0001
§/ 1E-4
c
[ 1E-5
S 1E-6
—a— 6MLs
1E-7 —o— 8MLs
1E-8 —— 10MLs
—#— 12MLs
1E-9
(b) 14MLs
1E'10I T T T T T T T
20 -15 -10 -05 00 0.5 1.0 15 2.0

Voltage (V)

Fig. 8 Current and voltage (I-V) curve of the proposed, (a)
QW-GaAs ASPAT and (b) QW-InGaAs ASPAT device for
same size area when the thickness of the barrier (tv) is changed.

The thickness of the spacer 1 and 2 (S, Sy) for the
proposed structure ASPAT diode are 5nm, and 200nm
respectively. Now, we study the full impact of each
thickness individually on the diode performances at zero
bias such as IV curve. For thick-barrier (t,) 10MLs, the
thickness (S1) and (S») are changed from 5 to 30nm and
50-225nm respectively. Fig. 9 (a), and (b) show the QW-
GaAs ASPATs I-V curve with varying spacers 1, 2
thickness respectively. The current in forward bias is
unchanged by an increase in S, for a constant value of
S1, while in reverse bias the current is decreased because
of a further increase in the voltage drop within the thick
spacer layer. As results, the current is decreased in the
reverse bias. For S; varying from 5 nm to 30 nm and S;
fixed at 200 nm, different behavior is observed. For

instance, it was found that as S; increases thicker under
forward and reverse bias values, due to an increase in the
voltage drop driven on by the same spacer, the simulated
current is reducing. Fig. 9 (c), and Fig. 9 (d) show the VI
curve of the new device QW InGaAs ASPAT when
changing spacer sides (Si) and (Sz) respectively.

1
10x10pum” QW-GaAs with 8, is cos

10 10ue” QW-InGads ASPAT with 3. iscomstent _J

Current ()
Current ()

@ 30em

1IE7
20 15 10 405 00 05 10 15 20
Voltage (V) Voltage (V)

20 -15 -0 05 00 05 10 15 20

1
10%10um’ QW-Gads ASPAT with 5, & constant 10x10um’ QW-nGads ASPATwith S, i consmnt

Current (A)

Current (A)

1E

3
20 -15 10 05 00 05 10 15 20 20 -1F 10 05 00 05 10 15 20
Voltage (V) Voltage (V)

Fig. 9 The current-voltage (V) curve of a new device QW-
GaAs ASPATs diode, when the spacer (S1) in (a) and the
spacer (Sz2) in (b) are changed. The new diode QW-InGaAs
ASPAT devices in (c) and (d) for the same spacer change (S1)
and (S2) respectively. All remaining other parameters are
constants as reported in table 2.

In order to reduce the value of R; which appeared in
the new structures of the both proposed QW-ASPAT
devices. The effect of the well thick(ty) and the thin-
barrier thickness on the both (R;) and (kv) were
simulated and varied from (2nm to 8nm) and (6MLs to
14MLs) respectively. From these simulations, R; and ky
at zero bias were taken out and utilized to make a map of
all potential combinations as shown in Fig. 10 for both
QW-ASPAT diodes. It is observed that reducing the well
(tw) causes the junction resistance to decrease. The ky is
also reduced as a result, though. These simulations'
outcomes show that the resistance (R;) and thickness (ty)
have a significant exponential relationship. It is
demonstrable that by decreasing the (t,) from 14MLs to
6MLs, R; decreased from 540kQ to 0.12kQ for QW-
GaAs device, and from 57GQ to 0.7kQ for QW-InGaAs
with the ty of 6nm. These values of the R; are more
appropriate for diode rectifier applications.

For the new device QW-GaAs, the highest value of ky
was about 34V, while for the QW-InGaAs structure
was 33V-1. The most important method of reducing the
R;j values is to decrease the t, without significantly
reducing ky, as observed from Fig. 10. Therefore, the
value of the k, and R; have been selected are 33V! and
206kQ respectively for QW-InGaAs diode.
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Fig. 10 (a), (b) Extracted kv values for simulations of the
QW-GaAs and QW-InGaAs devices respectively when
changing both the well and barrier thicknesses. (c), (d)
Extracted Rj values of the same diodes in (a) and (b) by
varying the quantum well from 2nm to 8nm.

5 Implantable Rectenna Circuit Design

To satisfy the increasing requirements of end users in
the fields of industrial and healthcare monitoring,
interest in wireless sensor networks and implanted
devices has recently become popular [17]. The overall
size area, power consumption, and meeting medical
treatment requirements of the devices are factors to
take into account when it's implanted in-body [18]. The
final dimensions of the chip can be implanted to a scale
of less than 10mm? through minimally invasive therapy
and the polarization-free detector greatly reduces the
power dissipated of the circuit [19]. Therefore, the
fully integrated rectenna circuit was used for implanted
medical devices. The miniaturized rectenna system
consisting of high nonlinearity and temperature
insensitivity ASPAT diodes were used in the rectifying
circuits and integrated with a planar dipole antenna for
operating at dual band ISM frequency (1.5GHz and
5.8GHz).

In this work, the 100um? (QW-ASPAT) was used as
a rectifier diode in the rectifying circuit which
integrated with the implantable dual folded dipole
antenna (FDA) to build rectenna circuits. The FDA
was analyzed and designed by numerical simulation in
the Computer Simulation Technology (CST)
microwave studio software [20]. Two symmetrical
radiating arms with various L-shaped conducting
sections made up the FDA antenna. Fig. 11 show a
1x4.5mm? FDA designed to resonate at the 1.5GHz
and 5.8GHz. All the optimized parameters are marked
in Fig. 11 and detailed in table 4. The radiating planar
structure is mounted on a high-permittivity dielectric
substrate (Gallium arsenide, &=12.94, tand=0.006) of

0.63mm thick semi-insulating GaAs substrate (hs) and
covered with an identical glue (hque) and superstrate
(hsuer) layer. In addition, a non-uniform metal strip
widths of the main and secondary arm (w and t) were
used along the antenna structure varying from 0.01 to
0.07mm in order to enhance effective antenna
dimensions. The Zp(real) and Zis(imaginary)
component of the antenna can be influenced by
changes in (w and t), respectively. Additionally, the
folded-arm technique shows reduced dimensions of the
antenna structure, and the L1 to Lg lengths can be used
to find the resonance frequency.

L Dipole Antenma .
. =

Superstrate / hyger

The 7 Doy
Substrate h,

Fig. 11 Geometry of the 1x4.5mm2 implantable FDA antenna

structure with main and secondary L-section arms.

Table 4 The folded dipole antenna's optimized parameters

Parameters Value Parameters Value

[mm] [mm]

Ls 45 Ls 1.825
Ws 1 Ls 0.3
Lm 2.15 F 0.1
L1 0.9 5 0.05

L2 2.125 d 0.075
Ls 0.8 de 0.05
La 2.025 w=t 0.05
Ls 0.7 hs = hsuper 0.63
Ls 1.925 hglue 0.05

Ly 0.9 he 0.001

The overall size of the proposed antenna is 2.835 mm?
(1x4.5x0.63) mm?. The reflection coefficient (S11) of the
dual-band FDA antenna is shown in Fig. 12. The
antenna exhibits a simulated 10-dB impedance
bandwidths in a 4-layer phantom at 1.5GHz and 5.8GHz
are 227MHz (1.4-1.63GHz) with Si; is -22.6dB and
540MHz  (5.47-6.02GHz) with S;1 is -23.1dB
respectively. Due to low gain and efficiency of the
antenna, the voltage doubler rectifier (VDR) circuit was
used which consists of two tunnel diodes D; and D;
(100um? QW-ASPAT) and input/output filters. The
proposed full rectenna circuit as shown in Fig. 13
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consists of received FDA antenna, VDR rectifier circuit,
and the load resistance (RL).

0 T

m  -10-
=
= —— FDA Antenna
(%]
e PN | U B I, 1-.
-20 4 4
| \” “| ]
'25 T T T T T ‘ T
1 2 3 4 5 6 7
Frequency (GHz)

Fig. 12 Reflection coefficient Si1 characteristics of the

implantable dual FDA antenna.
D1
o f RL‘%

Fig. 13 The schematic of the full rectenna circuit design.

Antenna

Watching|  |;
atc mg__'

circuit

The impedance Zy,qw-mecaas) OF the 100um? size
device are (65-j*1620) Q and (53-j*418) Q for dual
band 1.5GHz and 5.8GHz respectively. In order to
achieve perfect matching between QW-ASPAT diode
and antenna, we must calculate the input impedance of
the VDR circuit Z;,ypgy that contains the QW-ASPAT
diodes (D1 and D). The Zi,vpgy for proposed dual
bands are (56-j*915) Q and (58-j%236) Q respectively
at input power of the antenna is 10dBm. It observed
from results that the real part impedance of the antenna
and VDR circuit are matched compared with different
imaginary parts. The reactance part can be cancelled by
adding an input matching network which is constructed
on the ADS library. Fig. 14 shows the return loss at
dual bands of the matching response between the
planar 1x4.5mm? dipole antenna and the QW-InGaAs
ASPAT diode. The rectenna circuit exhibited
reasonable matching performance at an input RF power
(Pin) of 0dBm as well.

The DC output voltage is acquired by the optimum
R and C.. The optimized values of the R, are 1.7kQ
and 0.5kQ for 1.5GHz and 5.8GHz respectively. Of
course, a higher Ry results in a higher output voltage.

The voltage which is provided from the implantable
rectenna circuit is used to wireless power transfer to
implantable medical devices inside the human arm
model. Fig. 15 shows the voltage (Vou) and power
(Pour) of the full rectenna model by using single and
double stage of the VDR circuit at optimum R_ of
0.5kQ. It is clear that the voltage and power were about
(0.8V and 1.6V) and (34pW and 68uW) for the single
and double stage of the VDR respectively at frequency

of 5.8GHz and Pin of 10dBm.
0_

-5

-10 4

%, -15
u): 2204 RF Power i
—— @ -10dBm
251 —— @0dBm 1
0] —— @ 10dBm ]
‘35 T T T T T T
1 2 3 4 5 6 7
Frequency (GHz)

Fig. 14 The Return loss of the implantable proposed rectenna
circuit model.

The RF to DC conversion efficiency (1) of the full
rectenna system as a function of RL was calculated
from the ratio (PDC / Pin) as shown in Fig. 16(a). The
circuit has a 1 of 4.4% at an optimum load of 1.7kQ
for frequency of 1.5GHz, and 16.5% for resonance
frequency of 5.8GHz with optimum RL is 0.5kQ). The
power conversion efficiency (PCE %) of the proposed
dual-band rectenna system has a maximum value about
(75%) and (93%) at the optimum load resistor for
1.5GHz and 5.8GHz respectively, as shown in Fig.
16(b). These results lead to that the rectenna circuit
operated correctly at the optimized load and the
resonance frequency bands.

18
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14
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0.8
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RF power (dBm)
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Fig. 15 The DC output voltage and power of the rectenna
circuit with single and double stage VDR circuit at frequency
of 5.8GHz for (a), and (b) respectively.
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Fig. 16 (a) The RF to DC conversion efficiency (1) of the full
rectenna system, (b) Power conversion efficiency (PCE%) of
the dual-band implant rectenna circuit with the size of
100um2 QW-ASPAT diode.

In this work, dual band implantable rectenna system
design  for  biomedical applications  requires
miniaturization and is biocompatible with human's
tissues. Table 5 shows the performance comparison of
the proposed dual-band implantable rectenna circuit
with literature. It is observed and concluded from this
table that the rectenna circuit has very small size area,
low cost and the better results obtained for operation in
dual-band resonance frequency.

Table 5 Performance comparison of the proposed implantable
rectenna system with literature

Ref/ ArltEr.ll:laf Freq. DE.\!I[:E Gain Pt/Pr Retl:l.enna
car rectifier bands Size [dBi] [Watt] Efficiency
v topology [GHz] [mm3] [%6]

Spiral structure

with T-shaped 0.402
[21] ground slot / 1.4 11x26%1.6 -31 0.5/125p 2.5

HWR single 245

diode

Folded with
[22] ?flll.lf\ia\ie CMOS 5.8 3Ixl.5x1.6 -29.5 4/16.6p

rectifier circuit

Foded dipole

antenna [ VDR
[23] with 2.45 1x5%0.625 -26.9 0.1/16.4p 1.2
conventional
ASPAT
Foded dipole
with stubs/VDR
based on GaAs
ASPAT diode

Foded ~dipole 1.5 36.9 0.1/167 4.4
. . -36. . i ’
This  antenna / VDR (G

5.8 -244  0.1/45p 16.5

[24] 2.35 1.2x4x0.6  -24.7  0.1/19.6p 2

Work with proposed
ASPAT diodes

6 Conclusion

The two new quantum well-barrier (QW-ASPAT)
diodes design have been proposed in this paper to
enhance the value of the curvature coefficient, ky of the
ASPAT devices. The standard and new structures have
been simulated and modelled physically by using
SILVACO atlas software. The highest ky value at zero
bias of the QW-ASPATSs device was 32.6V* and 33V
for GaAs and InGaAs based structures respectively
compared with 12.6V-! and 13V for standard GaAs and
InGaAs. To increase the value of resistance (R;), the
effect of changing the thickness of the thin AlAs-barrier,
well width, and spacers layer thickness on the nonlinear
relationship between current and voltage of the ASPATS
diodes were comprehensively investigated. Rj was
observed to be exponentially proportional to barrier
thickness and proportionate to well thickness.

The insertion of quantum well to the thinner spacer on
the ASPAT device at zero bias, decreases the value of
capacitance C; from 180fF to 107fF and from 157fF to
65.6fF for QW-GaAs and QW-InGaAs respectively,
compared with standard ASPAT devices. The cut off
frequency of the both proposed 10x10um? QW-ASPAT
devices are 26GHz and 46GHz respectively. The
proposed diodes have been used as a rectifying circuit
which integrated with dual band FDA antenna to build
the rectenna system. The rectenna circuit converts RF
power to DC voltage for charging medical devices inside
the human body. The VDR circuit was used as a single
and double stage, the DC output voltage and power of
the rectenna for double stage rectifiers are twice that
produced by the single stage at the input RF power of
10dBm. The maximum conversion efficiency (n) of the
full proposed rectenna system has been obtained at dual-
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bands resonance frequency when the load resistance
integrated was optimum.
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