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J near the edges (see Figure 3 for currents on a PEC strip). By the assumption on the current J(x) as
hyper cosine distribution, we get the Z; and jX, as

T n=1 " 23
g 23)
T 22%‘1%
. _Tin=
jXo = 3 7112 ’ (24)
where
In::/w+I@)gn§ffdx::Ahh’wgi‘*ﬁn"ﬁt}‘*Bkosﬂ%&f*605m7f} (25)
x_ a 2exp(b)[(nrt)? + (ab)?]
b is the scaling factor in the cosh basis function, and A, B and x4 are:
A = a®bt(exp(2b) — 1), (26)
B = mat?(exp(2b) + 1), (27)
X+ =x9tt. (28)

It should be noted that I; is found by setting n = 1 in (25).

Figure 3. Currents on the conductive strip (x-y plane).

4. Field on the Conductive Strip

It is instrumental to study the E and H fields on the discontinuity since they provide deeper
insights into the problem. One can also check whether appropriate boundary conditions (here SIBC)
were satisfied or not.

In the previous section, we have assumed that induced current is in the form of J = Joi or
J(x) = Jocosh[(x — xq)/t]§, where ]y is a complex number. One finds ]y from (11) after computing
the LHS from the results of Section 3. The scattered field Ej is then found by using (3):

E = Y Ejsin ”aﬂ (9)
n
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where Ej, is in the following form for uniform and cosh distributions, respectively:

D [cos B (xg — ) — cos M (xg + t)]

E;, = o , 30

" nyn [cos Z(xg—t) —cos Z(xg + )] (30)
Vlr Iy

E = —. 31

nyn Iy ©1)

5. Numerical Results

Intuitive tests can be readily performed to validate the rationality of results. If the strip is
assumed as PEC, then 05 — oo, Therefore, Equation (14) would also reduces to Equation (17). On the
other hand, Z. goes to infinity if we presume that the strip in the waveguide aperture has very low
conductivity (s — 0). This is equivalent to replacing Zs with an open circuit in the equivalent circuit
(see Figure 2). Therefore, no reflections occur at zero conductivity, which resembles no discontinuity
on the aperture.

To show the competency of the method, we compare our analytic method with modelling results.
A general purpose programming tool [32] was used to find analytic results from Equations (18) and (22)
or Equations (23) and (24). We used two commercial electromagnetic packages with a finite element
method (FEM) solver [33] and method of moments (MoM) solver [34] to simulate the structures.
Two different values are chosen for the complex conductivity of the strips as 0.01 —j0.01 Sm~! and
0.001 —j0.001 Sm~! which are chosen close to conductivity of the graphene at X-band.

5.1. Reflection and Transmission Coefficients

Figures 4 and 5 illustrate the magnitude and phase of the reflection and transmission coefficients
caused by the conductive strip discontinuity. In the modelling, we de-embedded the excitation ports
to the plane of the discontinuity, in order to achieve the correct phase for I'and T.

~0.16 o
=y
5018 D _
g I g
g 02 =
—0.22
8 9 00 1 12 3 9 0 11 12
f(GHz) F(GHz)
4 ——
3 el 137
g 3
= < 136
N M—eﬁm S
S X 135%
0 134
8 9 0112 3 9 0 1 12
f(GHz) f(GH>z)

Figure 4. Magnitude and phase of the reflection I' and transmission coefficient T from a strip with
o =0.001 —j0.001 Sm~1.



Electronics 2019, 8, 21

1 s
- —g— FEM
3 -12 . —
s 3
S 14 =
~16
8 9 01 12
F(GHz)
e—
. e 140 e
§ £
E 12 =
N N
10
8 9 012 8 9 10 11 12
[(GHz) f(GHz)

Figure 5. Magnitude and phase of the reflection I' and transmission coefficient T from a strip with
o =0.01-j0.01Sm™1.

A good agreement between analytic and simulation results are obtained for both current
distribution (see Figures 4 and 5). However, it is evident that the I' and T from cosh assumption
are much closer to full wave modelling results. This is best illustrated on the magnitude of T and T
coefficients. It is also observed that MoM simulations lie closer to the theoretical calculations.

Comparing Figures 4 and 5, we see a relatively drop in T and a jump in the I' with an increase
in surface conductivity os. This is expected as the higher o5 causes more reflection and reduces the
transmission of the wave through the waveguide.

5.2. Fields on the Aperture

A perture fields on the strip discontinuity are examined in this subsection. Fields depicted in
Figures 6 and 7 are the total fields (incident+scattered) for a strip with 1 mm width. The frequency
is set to 10 GHz. The fields from both current approximations are close to the simulation results
when |x — xg| > 2t. Particularly, Ex and H, components by our approximations and full-wave solver
are almost identical even on the conductive strip. H, component by cosh approximation disagrees
slightly with results from other methods that are due to the choice of the basis function; although
such a disagreement is only observed on the conductive strip and everywhere else, they are in total
agreement. The singular like behaviour of the H, near the edges of the strip is to make a closed loop of
H field around the strip (also see Figure 3).

[H.| (mA/m)

|E,| V/m

0o 5 10 15 2 0 5 10 15 20

x(mm) x(mm)

Figure 6. Fields on the aperture of the waveguide and discontinuity of conductive strip. E field at
z = 0and H fields at z = 0 with conductivity of strip set to ¢ = 0.001 —j0.001 Sm~.
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Figure 7. Fields on the aperture of the waveguide and discontinuity of conductive strip. E field at
z = 0and H fields at z = 0* with conductivity of strip set to ¢ = 0.01 —j0.01 Sm ™.

It is interesting to see that there is a drop in E, and a significant jump in Hy field to satisfy the
imposed boundary conditions. To understand this phenomena, we start by recalling that the ratio of E,,
and Hy at distances far from the discontinuity is set by the characteristic impedance of the waveguide
Zy = /‘:;—1” For a WR90 waveguide at 10 GHz, Z is around 499 Q). However, the conductivity of the
strip dictates the ratios of the transverse components of E and H by enforcing (6). In Figures 6 and 7,

[P2e] is 353.53 () and 35.353 (), respectively. Therefore, comparing Figure 7 with Figure 6, a significant
S

drop in E and also a larger jump in H are needed to satisfy the boundary conditions in Figure 7.

5.3. Conductivity Estimation

In the following, we demonstrate how one can use the analytic results of Section 3 to measure
the real and imaginary part of the conductivity of a thin strip. The measurement apparatus should
basically include a vector network analyser and waveguides. The diagram in Figure 8 shows the
required steps in a typical apparatus. For the uniform current approximation, A is found from

7 ot &1, ,nmt
_ nt L2 2
o csc p n:1z3m = sin P (32)
while A, for cosh distribution, is:
. 2
. 33
]4wyol Z " %)

We used the modelling results of the full-wave simulators (FEM and MoM) as the input to examine
the measurement procedure. S-parameters from the modelling packages are fed into the Matlab®
code to estimate the values of the conductivity based on the presented theory with uniform and cosh
approximations. Figures 9 and 10 illustrate the computed conductivity by our method for a conductive
strip of 0.001 —j0.001 Sm~! and 0.01 — j0.01 Sm ™!, respectively.

Generally, the theory presented in this paper is valid for the various positions of the conductive
strip inside the waveguide and along its long side. When the strip is placed at the center of the guide,
the maximum reflection from the strip occurs. The interaction with the fundamental mode is stronger
with the conductive strip in the middle, which improves the dynamic range of the measurement
method. Further investigations are needed to explore the accuracy and sensitivity of this method to
various parameters in the apparatus.

To examine the method, conductivity of a material with Zos = —45 deg is swept over a range
of 0.0001 Sm~1! t0 10,000 Sm 1. Reflection and transmission coefficients are plotted in Figure 11 at
10 GHz for a strip with a width of 2f = 1 mm, which is placed at the centre of the waveguide. Both
I and T change reasonably as long as the 107* < ¢; < 10> Sm™!. On the other hand, they have
minimal changes if the surface conductivity is out of the specified range (it is hard to measure the
511 < —30dB with current status quo). This method would be most instrumental to measure the
surface conductivity of the materials in the above range.
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Figure 9. Estimated conductivity for a strip with surface conductivity of (0.001 —j0.001) Sm~'. The
solid black line shows the expected value; (top) real part (bottom) imaginary part of surface conductivity.
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Figure 10. Estimated conductivity for a strip with surface conductivity of (0.01 —j0.01) Sm~". The
solid black line shows the expected value; (top) real part; (bottom) imaginary part of surface conductivity.
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Figure 11. Variation of I' and T coefficients with sweeping conductivity.

6. Conclusions

In this paper, a method to measure the conductivity of thin layers is proposed which is based on the
reflection and transmission of the TE modes in a rectangular waveguide. Other transmission-reflection
methods need sample under test to cover the aperture of the waveguide; however, our method needs
SUT to only cover a small portion of the cross section. An equivalent circuit of the problem is proposed
which is of assistance for intuitive understanding. We provide analytic formulas for the reflection I’
and transmission T coefficients, and derive terms related to each component in the equivalent circuit.
Distribution of the fields and currents over the SUT are also reported. The reflection and transmission
coefficients from a resistive sheet are compared with S-parameters from the commercial software with
FEM and MoM solvers. A reasonable agreement is observed for I' and T coefficients, as well as fields
and currents over the aperture.
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Appendix A. The Simplification of Series in Equation (21)

In Equation (21), we have a series in the form of:

=1
Sa(x) = Z 2 sin? nx, (A1)
n=1,3,...

where x = (7t/a). This series can be slow to converge under some conditions and it is useful to obtain
a closed form solution. It is recognized that this series is the difference of two infinite series containing
all terms. Thus:

1 . 1 & 1 . 1
So(x) = 122 ) sin? nx — Zk % ) sin? 2kx = Seo(x) — 1500(2x), (A2)
n=12,.. =12,...
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where Seo(x) is:

> 1
= Z — sin? nx. (A3)

n

n=12,..
Using 2sin®z = 1 — cos 2z, we find Seo(¥):
j— 1 1 & 1

Seo(x) =5 n:% K -5 n:% K cos 2nx, (A4)

where the first series is known as the Euler’s result [35]

A

Z 2= e (A5)

n=1,2,...

The second series is looked up from the tables ([36], Section 1.443) with a change of variable of
x — 2x with a restriction of 0 < x < 71/2:

o 1 2
Y. - ¢0s 2nx = % — x4 ¥2. (A6)
n=12,...

Therefore:

Seo

% (nx - x2) . (A7)

Finally, using Equation (A7) twice in Equation (A2) results in

=1 7TX
= Y sin’ax= T (A8)
n=1,3,... n
where 0 < x < 71/2.
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Abstract: This paper presents a 2.5-GHz low-voltage, high-efficiency CMOS power amplifier (PA)
IC in 0.18-um CMOS technology. The combination of a dual-switching transistor (DST) and a third
harmonic tuning technique is proposed. The DST effectively improves the gain at the saturation
power region when the additional gain extension of the secondary switching transistor compensates
for the gain compression of the primary one. To achieve high-efficiency performance, the third
harmonic tuning circuit is connected in parallel to the output load. Therefore, the flattened drain
current and voltage waveforms are generated, which in turn reduce the overlapping and the dc
power consumption significantly. In addition, a 0.5-V back-gate voltage is applied to the primary
switching transistor to realize the low-voltage operation. At 1V of supply voltage, the proposed PA
has achieved a power added efficiency (PAE) of 34.5% and a saturated output power of 10.1 dBm.

Keywords: dual-switching transistor; third harmonic tuning; low voltage; high efficiency; CMOS
power amplifier IC

1. Introduction

For modern communication systems, such as short-range wireless applications, a high-efficiency
power amplifier plays an important role in maintaining the battery life. To increase the efficiency,
switching-mode amplifiers, such as class-E and class-F, are widely used [1-4]. By minimizing the
overlap between the drain current and voltage waveforms, the dc power dissipation of the amplifiers
can be diminished. The output power of switching-mode amplifiers is also comparable to current-mode
ones for the same device peak voltage and current [5].

Unfortunately, efficiency and supply voltage represent a trade-off in switching-mode power
amplifiers (PAs). Several techniques have been proposed for improving efficiency at low supply
voltages [6-11]. The fully integrated PAs with a power combiner, such as multiple LC baluns [6],
a transformer [7], and a distributed active transformer [8,9], were proposed to boost the power added
efficiency (PAE) at low supply voltages. PAE is the ratio of the produced signal power (the difference
between the output and input power) and the dc power consumption. However, large combiners lead
to high insertion losses and enlarge the chip size. Another approach to increase the efficiency of a low
supply voltage PA is an injection-locking technique [10,11]. Although this technique provides high
gain and high efficiency, the circuit is complicated.

The harmonic manipulation techniques, such as class-] [12] and a tuned amplifier [13-15], are also
attractive to improve efficiency. However, class-] employs only second harmonic tuning at the output
port, while the tuned amplifier in [15] utilizes second and third harmonic tuning at the input and
output ports. Both of the techniques increase the fundamental output power with high efficiency. The
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amplifier using a second harmonic short in [16] has a higher output power capability of 6.6% than the
conventional class-E amplifier. However, the peak drain voltage increases significantly.

In this work, a high-efficiency CMOS PA IC operating at a low supply voltage is proposed using
0.18-um CMOS technology. To boost the PAE, a dual-switching transistor (DST) was adopted in
combination with a third harmonic tuning technique [17]. The class-E PA topology was employed as a
basic structure, and 0.5-V positive, back-gate voltage was injected for low-voltage operation. A detailed
theoretical and circuit analysis was performed, and the optimum circuit parameters were derived.

This paper is organized as follows. In Section 2, the circuit analysis of the proposed configuration
is described, and the optimum circuit parameters are derived. Section 3 shows the simulation results
of the proposed PA. Section 4 discusses the measurement results and compares them with recently
reported PAs. Our conclusions are presented in Section 5.

2. Circuit Analysis

2.1. Dual-Switching Transistor (DST)

Figure 1a,b show the operation principle and the input/output characteristics of the DST structure,
respectively. The structure consists of two switching transistors: (1) the primary switching transistor
M biased at class-AB and (2) the secondary switching transistor M, biased at class-B, which are
connected in parallel. Only single input and output matching circuits were employed, thus providing
less complexity for the single chip implementation. To realize the class-AB operation of Mj, the positive
back-gate voltage Vj,, was injected. Hence, the threshold voltage decreased so that the overdrive
voltage of M; would be sufficient for the class-AB operation.

Vaa

Pipy MRSS82[ | p = pe------EeS
Pin
o—
Pinz Class-B Poutz
[ TR >
M, ldz P1 Pq Pp Pin
@) (b)
Figure 1. (a) Operation principle and (b) Input/output characteristics of the dual-switching transistor
(DST).

At small input power (P;, < P1), the total output power is mainly contributed by My (Pout = Pout1),
because M is in active operation. In this condition, the total dissipation power Ppc of the amplifier is
equal to Vyly1.

At large input power (P;,, > P7), both of the switching transistors are active. M; operates near
the saturation power level and corresponds to its output power (Pou1 = Psat1), while M delivers the
output power of Pyt2. Therefore, the total output power of the amplifier Py is the sum of the two
transistors (Psat1 + Pout2). To maximize the PAE, the size of M, is set to be sufficiently smaller than M;,
hence the iy, << i1 and Ppc is expected to be slightly higher than V;;141. The overlapping between
the drain voltage and current waveforms of the DST should be minimized by adjusting the conduction
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angle of M. Consequently, the PAE at the saturation power level is approximately represented as

follows:

PAE — (Psutl +Paut2) - Pin
Vaaln

In addition, the additional gain expansion generated at the saturation power level by the DST
(shaded area in Figure 1b) improves the linearity of the amplifier, P, > P,, where P}, is the input P1dB
of the proposed amplifier and P, is the input P1dB of the conventional class-AB amplifier.

% 100%. (1)

2.2. Third Harmonic Tuning Technique

The third harmonic tuning technique shapes the voltage and current waveforms of the switching
transistor at the drain node to minimize the dc power dissipation [18]. The technique is realized by
connecting a series C3—L3 resonated at 3f, to the output node of the conventional class-E amplifier,
as shown in Figure 2. Due to the resonator C3—L3, under specified conditions, the third harmonic
component of the drain voltage and current waveforms can be controlled.

Vop

Isw lic C; = Rloud

Vsw '\ Ve

11
I
o
—»
I;:;-.

Figure 2. Basic configuration of the third harmonic tuning circuit.

Based on a zero-voltage switching (ZVS) condition, a series of mathematical analyses was
conducted to describe the operation principle of the amplifier with the third harmonic tuning circuit.
The following assumptions were considered: (1) the transistor is an ideal switch, and (2) all passive
elements are lossless and linear. For the operation, the transistor was driven at frequency fo and at 50%
of the duty cycle (on at 0< wt < 7t and off at 7 < wt <27).

The loaded Q-factor of C1—-L; and C3—L3 were assumed to be infinite. The fundamental output
current Igr and the third harmonic current I3 are represented as follows:

iRp(wt) = IRF sin(wt + 9) (2)

iz(wt) = Iysin(3wt). 3)
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2.2.1. On-State Condition, 0< wt < 71

When the switch is turned on, the current flowing to the capacitor i. is equal to 0. Therefore,
the capacitor voltage v, is equal to 0. At this interval, the current that flows to the switch ig; is given by

isw(wt) = I + Irp sin(wt + 0) + I3 sin(3wt) 4)

where I} and 6 denote the dc current and the initial phase angle, respectively.
Due to the characteristics of the shunt capacitor Cs, the initial current of is, during the on/off
transition is zero. Hence, the following is true:

— = —sin6. (5)

2.2.2. Off-State Condition, 7w < wt <27
When the switch is turned off, is;, is equal to 0. Therefore, i can be defined as follows,
ic(a)i’) = I + Irr sin(wt + 9) + I3 sin(3wt) (6)

generating the voltage across the capacitor v as,

wt
%Qf Ic(wt)dwt
T

g { I (wt — 1) — 15 (cos 3wt + 1) } @

ve(wt)

TG —IR[cos(6 + wt) + cos 0]

To solve the above equations, it is assumed that the real part of the third harmonic output
impedance Z3 is equal to zero. The Fourier series analyses for v.(wt) and i,(wt) are derived to obtain
the third harmonic component. Note that i,(wt) is the sum of igp(wt) and i3(wt), i.e.,

io(wt) = Igp sin(wt + 0) + I3 sin(3wt). )

The third harmonic coefficient of v, is given by

wt

1 .
Vs = E/vc(wt)e*ﬂ‘*’tdwt. )

us
The third harmonic coefficient of i, is expressed as

wt

1 7. .
L = E/za(wt)e Bwtdeot. (10)

T
Substituting Equations (7)—(10), Z3 can be obtained as

_ Ves

_Io,3 . . (11)
o ](—4]1L + 37'[]13 + IL37'L' - 2[3 - 6IRF cos 9)
n 93 7mwC

Z3

Setting the real part of Z3 to zero and substituting Equation (5) for Equation (11) yields the

following:
I 2

T3:3n+6c0t9' (12)
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The initial phase angle (f) can be obtained by deriving the third harmonic coefficient of is,,

as follows:
2r

_ 1 : —j3
Lsws = Ebf‘ lsw((Ut)e 1Bwtdet a3)

(1 I
=-j (3% + f)
At the initial condition i, (0) = 0, we have the following:

L 4
3= 14
I L 3 ( )
Substituting Equation (12) with Equation (14) generates the initial phase angle 6 of —35°. Thus,
the ratio I} /Ixr of 0.57 and I} /I3 of 2.34 are obtained.
Considering that 100% efficiency is realized when the total output power is equal to the dc power
consumption, the following is true:

Ppc = P,
Ir VDDDi %IR(;HZtRload (15)
where Vpp can be defined by applying the Fourier series expansion to Equation (7), i.e.,
Vpp = % zfnvsw(wt)dwt
0 (16)
= 7w1C5 (%3 + IRr COSG)

To realize a good switching condition, the optimum shunt capacitor Cs can be determined by
substituting Equation (16) with Equation (15):

7sin? @

= : 17)
WR}pad
In the circuit implementation, C; is set as the total external capacitance and output capacitance of
the switching transistor.

2.2.3. Switching Waveforms

The normalized switching waveforms of drain current is,(wt) for 0< wt < 7t and drain voltage
ve(wt) for 1 < wt <271 are given by using Equations (4), (7), and (16) and the ratio of I} /Igr and I; /I3 as

follows: )
isw(wt)
Iy

4
=1—sinwtcotf — coswt + 37 sin 3wt (18)

ve(wt) (7 — wt) + gk (cos 3wt + 1) — cotB(cos wt + 1) + sin wt (19)
Vbp ok — cotf ’
Figure 3 illustrates the normalized drain voltage (dotted line) and current waveforms (solid line)
during a time period T. Because the transistor is turned on at 0< T < T/2, there is no voltage across
the switch and the current flowing to the switch consists of dc, fundamental, and the third harmonic
components. Because the transistor is turned off at T/2 < T < T, all the currents flow to the shunt
capacitor Cs. As shown in Figure 3, the third harmonic tuning technique flattens the waveforms and
reduces the overlapping. Therefore, it is expected to achieve low dc power dissipation and high PAE.
Because the technique only controls a single harmonic component at the output node, it offers a more
suitable structure for single chip PA solutions than class F or class F~!.
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Figure 3. Simulated normalized switching waveforms.

Compared with the conventional class-E PA [19] and the second harmonic tuning PA [16], the PA
with third harmonic tuning technique has a lower peak voltage waveform. The voltage stress of the
switching transistor is reduced, and it is expected to get higher output power capability. For the CMOS
process, the output power capability P, calculates the maximum achievable output power for a given
voltage stress V. and rms drain current Iy,s and is expressed as follows:

P out
Pec=———1—. 20
¢ Vpeak Trms (20)

The resonator C3—Lz induces a parasitic capacitance at the fundamental frequency and reduces
the impedance at the output port. As a result, the loaded Q-factor of C;-L;, which is resonated at f;,
is decreased. The third harmonic resonator is designed by choosing an inductor with a high Q-factor
at 3f, as L3. To compromise with the overall chip area and insertion loss, the layout dimension of the
inductor is optimized. Then, the series capacitance Cj is defined by the equation C3 = 1/9(rtf,)’Ls.
The parasitic capacitance of the resonator should be minimized to maintain the optimum shunt
capacitance Cs of the amplifier. Consequently, by selecting the Q-factor of 10, the third harmonic
resonator is optimized to L3 = 2.5 nH and C3 =180 fF.

2.3. Back-Gate Bias Technique

The back-gate bias technique is a method to modify the threshold voltage level and the
on-resistance (Ron) of the MOSFET by connecting the body terminal to the positive or negative
voltage. In this paper, a positive back-gate voltage was applied at the body of M; so that the threshold
voltage and the Ry decreased. The technique led to the p-well of the body and n+ of the source
being connected in a forward bias condition. Therefore, the positive back-gate bias voltage selection
is very important to minimize an excessive dc leakage current from the body to the source [20].
A solid back-gate body potential should have an ideal connection to the ground, hence a large by-pass
capacitance is placed between the body and the ground. Figure 4 shows the comparison between the
positive back-gate voltage versus the threshold voltage at 0.5-V bias voltage.
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Figure 4. Simulated threshold voltage and transconductance versus back-gate voltage variations of the
M at 0.5-V bias voltage.

2.4. Circuit Configuration of the Proposed PA

Figure 5a shows the circuit schematic of the proposed CMOS PA IC. To achieve high PAE at a low
supply voltage, a combination of the DST and the third harmonic tuning circuit (C3-L3) is proposed.
The supply voltage V;; of 1 V was applied with the bias voltage Vj;,s of 0.5 V. In addition, a 0.5-V
positive body bias was injected into the body terminal (B) of M by the external biasing terminal (V},)
to decrease the threshold voltage level of 75 mV, which was optimum for the class-AB operation when
there was no input power. In addition, the body of M, was connected to the ground for the class-B
operation. The RC feedback network was employed to modify the input and the output resistance for
the impedance matching requirement, as well as to increase the stability of the device; hence, the PA
was always unconditionally stable.

Back-gate connection

be 3rd harmonic Tuning
V
5 . dd Cs Ls
— 00—~
ng Vdd C 1 L 1 Lo
1t 1
SE IJ Rload
D—t i1 i—CB =C,
Input M;
(50 ohm)
Vbias Mz 1 )
Dual-Switching
Transistor (DST)
(a)

Figure 5. Cont.
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Figure 5. Circuit schematics of (a) the proposed power amplifier (PA) IC, and (b) the conventional
class-E PA IC.

To minimize the drain loss, a large transistor size was selected. The large size, however, decreased
the gain and increased the input power. In this work, the optimized total gate width of 464-um
with a gate length of 0.18-um was utilized to obtain the power gain higher than 10 dB at 2.5-GHz.
Because a large transistor size leads to high output capacitance, the shunt capacitor Cs was selected by
considering the total output capacitance of the DST. Furthermore, the small inductor Lo was inserted
at the output for impedance matching.

To verify the effectiveness of the proposed configuration, a 2.5-GHz conventional class-E PA was
designed as illustrated in Figure 5b. The size of the switching transistor M was set equal to the total
size of the switching transistors in the proposed PA. The 0.5-V back-gate voltage V,, was injected, and
the switching transistor was biased at class-AB with 1-V supply voltage

3. Simulation Results

The prototype of the proposed circuits was designed and fabricated using six metal layer (1IP6M)
0.18-um CMOS technology by TSMC. This CMOS process offered two ultra-thick top metal layers,
4-pm or 2-um thick, for inductor implementation. High-density MIM capacitors of 1fF/um? and
2fF/um? were also provided. For noise isolation from the P-substrate, deep n-wells were available.

The small-signal and large-signal responses of the proposed PA IC were simulated on a wafer
using ADS 2011 by Keysight [21] and Virtuoso ADE IC 6.1.5 by Cadence [22]. Input and output
matching circuits were simulated and optimized using Momentum EM simulation in ADS 2011, while
layout and verification were performed by Virtuoso ADE IC 6.1.5, respectively.

Figure 6 illustrates the small-signal input—output response of the proposed PA IC. The S;; and
the 57 are —13.9 dB and —12.5 dB at 2.5 GHz, respectively. The maximum Sy; is 11.2 dB with a 3-dB
bandwidth from 1.65 GHz to 3.8 GHz.

Because the third harmonic tuning technique was very effective to decrease the dc power
consumption, it is expected that the proposed CMOS PA has high efficiency. Figure 7 shows the
simulated dc drain current of the proposed PA IC (solid line) and the conventional PA IC (dotted line)
versus the input power. The proposed CMOS PA exhibited a lower dc current than the conventional
one under small-signal conditions.

Figure 8 shows the simulated input-output response of the proposed and conventional class-E
PAs with sweeping the input power. It confirmed that the proposed PA IC achieves better gain linearity
with better PAE than the conventional class-E PA IC. At an input power of lower than -10 dBm, M,
was turned off and the input signal was mainly amplified by M;. When the input power increased,
the output power of M, became higher to compensate for the gain compression of My, achieving a
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higher linear performance. From the simulation, it was shown that the proposed PA had a power gain
of 11.5 dB, an output P1dB of 8.1 dBm, and a peak PAE of 38.5%.
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Figure 6. Simulation results of S11, Sp1, and Syp of the proposed PA IC.
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Figure 7. Simulation results of the drain currents versus the input power of the proposed PA IC (solid
line) and the conventional PA IC (dotted line).
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Figure 8. Simulated input-output response of the proposed PA (solid line) and the conventional class-E
PA (dotted line) PA.
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4. Measurement Results

The chip photograph of the proposed PA IC is depicted in Figure 9. The proposed PA was
designed in 0.18-um CMOS technology and measured on a wafer. The chip size is 0.9-mm by 1.1-mm.
Figure 10 shows the measurement setup and probing situation of the proposed CMOS PA IC. The chip
was probed using Summit 11201B Cascade Microtech with a single-ended GSG probe at the input and
output RF signals. The RF input was generated using an Agilent E8267D vector signal generator, while
the dc source was provided by using Yokogawa GS200.

Figure 10. (a) Measurement setup; and (b) probing situation of the proposed CMOS PA IC.

In the measurement process, 5 chips were measured for whole data variations, i.e., dc, small-signal,
and large-signal performances. The average of the standard deviation of the Ips measurement was
0.03 mA, and the averages of the standard deviations of S11, S1, and S, were 0.05 dB, 0.06 dB, and 0.1
dB, respectively. To demonstrate the uniformity performance of the PA chips, the Ips characteristics
of chip 00 and chip 20 over the supply voltage (V4;), bias voltage (V};ss), and back-gate voltage (Vi)
variations are illustrated in Figure 11.
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Figure 11. The uniformity dc performance measurement results of the proposed CMOS PA IC.

In order to demonstrate the small-signal performance based on S-parameters, the output RF was
measured using the Agilent E8361A vector network analyzer. Figure 12 illustrates the comparison
between the measured small-signal S-parameters (solid line) and the simulated small-signal S-parameters
(dashed line) of the proposed circuits at 1 V of supply voltage. The quiescent current was 14.31 mA at
0.5V of gate bias voltage. As expected, the measured Sq; and Sy; at 2.5 GHz were lower than —10 dB.
The maximum small signal gain was 11.0 dB at 2.5 GHz with a 3-dB bandwidth from 1.7 GHz to
4.1 GHz. Figure 12 shows that measurement results agree well with the simulation results.
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Figure 12. The measurement results (solid line) versus the simulation results (dashed line) of S11, Sp1,
and Sy of the proposed PA IC at 1 V of supply voltage.

The measurement results of the power gain and the output power of the proposed CMOS PA
IC are shown in Figure 13. To measure the output power, an Agilent E4448A spectrum analyzer
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was utilized. At a supply voltage of 1V, the proposed PA achieved a saturated output power of
10.1 dBm and an output P1dB of 8.0 dBm. Figure 14 illustrates the measurement results of the PAE of
the proposed PA (solid line) and the conventional class-E PA (dotted line) at 1 V of supply voltage.
The proposed PA achieved a higher PAE than the conventional PA, with a peak PAE of 34.5%.
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Figure 13. Measurement results of the power gain and pout of the proposed PA IC versus the
input power.
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Figure 14. PAE of the proposed PA (solid line) and the conventional class-E PA (dotted line) versus the
input power at a supply voltage of 1 V.

Figure 15 shows the measurement results of the output power and the P1dB of the proposed
PA (solid line) and the conventional class-E PA (dotted line) versus the supply voltage variations
from 0.5 V to 1.2 V. The proposed PA achieved larger saturated output power and P1dB than did the
conventional PA. The dependency of the efficiency performances (drain efficiency (DE) and PAE) on
the supply voltage is illustrated in Figure 16. The proposed PA achieved higher efficiency than the
conventional PA at low-voltage operation. Because the load line was adjusted to obtain high efficiency
at a supply voltage of 1V, the efficiency at 1.2 V was slightly lower than thatat 1 V.
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Figure 15. The pout and P1dB of the proposed PA (solid line) and the conventional class-E PA (dotted
line) versus supply the voltage variations.
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Figure 16. The drain efficiency (DE) and PAE of the proposed PA (solid line) and the conventional
class-E PA (dotted line) versus the supply voltage.

Table 1 shows the performance of the proposed PA IC with several published works of low-voltage
operation PAs. The proposed PA IC has achieved excellent PAE with sufficient output power at
low-voltage operation compared with the previously published works.

Table 1. Summary of the proposed PA IC with several published works.

Reference  Technology Frequency Supply Voltage PAE Pout Chip Size
[11] 0.18 um 2.4 GHz 15V 36% 7.6 dBm 0.6 mm?
[23] 90 nm 2.4 GHz 12V 32% 1.2dBm N/A
[24] 0.18 um 2.4 GHz 1.8V 21% 6.4 dBm 1.8 mm?
[25] 90 nm 2.4 GHz 1.2V 30% 9 dBm 1 mm?
[26] 0.13 um 1.9 GHz 12V 26% 4.1 dBm N/A

This work 180 nm 2.5 GHz 1.0V 34.5% 10.1 dBm 0.99 mm?
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5. Conclusions

A 2.5-GHz fully integrated CMOS PA IC has been designed and fully evaluated in 0.18-um CMOS
technology for low-voltage operation. As the input power increased, the proposed dual-switching
transistor (DST) effectively improved the gain linearity with high efficiency. In addition, the third
harmonic termination technique compressed the voltage waveform and modified the current waveform
to realize low dc power dissipation.

At 1V of supply voltage, the proposed CMOS PA IC exhibited a power gain of 11.0 dB, an output
P1dB of 8.0 dBm, and a peak PAE of 34.5%. The measured P1dB and PAE of the proposed PA
were higher than those of recently reported works. Therefore, the proposed PA IC is applicable for
low-voltage operation.
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Abstract: The localization of unmanned aerial vehicles (UAVs) for autonomous landing is challenging
because the relative positions of the landing objects are almost inaccessible and the objects have nearly
no transmission with UAVs. In this paper, a hierarchical vision-based localization framework for
rotor UAVs is proposed for an open landing. In such a hierarchical framework, the landing is defined
into three phases: “Approaching”, “Adjustment”, and “Touchdown”. Object features at different
scales can be extracted from a designed Robust and Quick Response Landing Pattern (RQRLP) and
the corresponding detection and localization methods are introduced for the three phases. Then a
federated Extended Kalman Filter (EKF) structure is costumed and utilizes the solutions of the three
phases as independent measurements to estimate the pose of the vehicle. The framework can be
used to integrate the vision solutions and enables the estimation to be smooth and robust. In the end,
several typical field experiments have been carried out to verify the proposed hierarchical vision
framework. It can be seen that a wider localization range can be extended by the proposed framework
while the precision is ensured.
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1. Introduction

Unmanned aerial vehicles (UAVs) are popular among civil and military situations that are
hazardous to human operators. Automated localization is therefore highly desirable while the vehicles
are required to land on stationary or moving platforms. Therefore, a real-time relative localization is
desirable, which refers to the ability to localize themselves relying on onboard sensors, such as Global
Positioning System (GPS), Inertial Measurement Unit (IMU), vision, lidar, etc. Currently the GPS, IMU
or their combination is the most common method used to determine the pose of a UAV. However, these
require the transmission of information between the air vehicle and the landing platform. The use
of vision sensors for localization has many advantages. As one low-cost sensor vision is mostly
passive and does not rely on an external signal. It is worth noting that vision can have millimeter-level
accuracy and can determine not only the distance but also the relative orientation between two objects.
This paper describes a vision-based localization framework and the key enabling technologies for an
open landing.
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In recent years, there has been a wealth of research and various vision-based methods available for
UAV landing. These include both feature-based methods and direct methods. Some of the approaches
require prior knowledge of the targets and others extract information from the surroundings in real
time. These vision-based methods work with a good localization precision but are limited by the
detection range. Especially, UAVs can hardly extract constant pose features from landing objects as the
relative distance increases or decreases. To solve this problem, a hierarchical vision-based localization
strategy is designed to extract reliable visual features at different scales in this paper.

It is noted that open landing refers to a complete decline process from a high altitude to
touchdown, which normally requires a wide localization range. For this purpose, this paper
describes a hierarchical vision-based UAV localization demonstration in which the pose (position
and orientation) can be estimated by using the onboard camera. A Robust and Quick Response
Landing Pattern (RQRLP) is designed for the hierarchical vision detection. The RQRLP is able
to provide various scaled visual features for UAV localization. In detail, for an open landing, three
phases—"Approaching”, “Adjustment”, and “Touchdown”—are defined in the hierarchical framework.
First, in the “Approaching” phase the UAV is relatively far from the vessel and the contour of the
RQRLP is detected and used as the main visual feature. Second, as the UAV approaches the landing
object, detailed location markers can be extracted from the RQRLP. This phase is called “Adjustment”
and the aerial vehicle can calculate the current pose with respect to the RQRLP with a high precision
and adjusts its pose for the touchdown. In the final “Touchdown” phase, the UAV is so close to the
vessel that the location markers are almost out of the field of view (FOV). As one alternative solution,
an optic-flow based tracker is employed to calculate the current pose by tracking the previous one until
the touchdown. To obtain a robust localization estimation, the three phases work in parallel as nodes.
A federated filter based on the Extended Kalman Filter (EKF) is costumed to integrate these vision
solutions. In the end, the proposed framework is tested and verified by several field experiments and
results, which illustrate its performance.

The remainder of the paper is organized as follows. In Section 2, some related work is introduced.
In Section 3, the design of the RQRLP is described as the landing object in the hierarchical vision
localization framework and provides visual information for the UAV pose calculation. Section 4
introduces a hierarchical vision-based localization framework, which enables the three phases and
integrates the UAV pose. Section 5 presents the experiments and results to verify and illustrate our
proposed hierarchical vision-based framework. Finally, the conclusions are presented in Section 6.

2. Previous Work

Currently, vision-based localization is one of the most-adopted ways to actively study UAV
autonomous landing. In general, for a spot landing, such as landing on a moving vehicle, UAVs
with onboard cameras are able to calculate the pose by recognizing a referenced object [1]. In these
related works, it is assumed that the image pattern and size of the referenced object are known in
advance. The relative localization can be acquired by analyzing the projection image. For example,
depending on the inertia moments of the image, the landing object could be distinguished from the
background [2]. The UAV orientation is calculated by matching real-time images with a stored dataset
of labeled images that have been calibrated offline. Due to image blurring, the cooperative feature
points cannot be accurately extracted from the images. As one solution, a special pattern consisting
of several concentric white rings on a black background was designed as a landing object [3]. Each
of the white rings is recognized by a unique ratio of its inner to outer border radius. However, only
the height with respect to the landing platform is provided by this method. Based on the feature
lines of the cooperative object, a pose estimation algorithm was reported in [4]. In the algorithm,
feature lines and vanishing lines were extracted to reduce the influence of image blurring. An initial
5 Degree-Of-Freedom (DOF) pose with respect to a landing pad was obtained by calculating the
quadratic equation of the projected ellipse [5]. The IMU data was integrated to eliminate the remaining
geometric ambiguity. The remaining one DOF of the camera pose, the yaw angle, was calculated
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by fitting an ellipse to the projected contour of the letter “H”. The homography between the image
frame and the object reference plane was also used to estimate the UAV initial pose [6]. With four
correspondences between the world plane and the image plane, a minimal solution of the homography
was estimated. A similar work was also reported in [7], where the homography between current and
previous frames was decomposed and accumulated for ego-motion estimation. Moreover, the relative
pose between current and previous frames could be estimated by tracking a structured-unknown
object [8-10]. Similar to the dead reckoning of an inertial navigation system (INS), these type methods
would suffer from signal drift as time elapsed.

In another case, it is assumed that the reference object for UAV landing and localization is unknown.
Optical flow is the typical method and it is used to track or stabilize the UAV pose [11-16]. A biological
guidance system was reported in [17], where some cues from the natural environment were detected
and analyzed, such as the horizon profile and sky compass. An image Coordinates Extrapolation
(ICE) algorithm [18] calculated the pixel-wise difference between the current view (panoramic image)
and a snapshot taken at a reference location to estimate the real-time UAV 3D position and velocity.
An optic flow-based vision system is reported in [19,20], where the optic flow was calculated and used
for autonomous localization and scene mapping. Relevant control strategies using vision information
are also discussed in detail. The combination of the vision and IMU data reported in [21,22] assumed
that the IMU had the ability to provide a good roll and pitch attitude estimation, and four infrared
spots on the target or the landing spot could be detected using the vision system. In addition, stereo
vision using triangulation has been applied during a UAV autonomous landing [23,24].

Following the works described above, it is therefore expected that feature detection and
recognition would be a key issue with regard to localization precision. In addition, for an open
landing, such as in the wilderness or maritime environment, the UAV must have the ability to process
the detection problem in a wide and consecutive working range. For this purpose, a hierarchical
detection and localization framework is proposed and studied to detect and extract various scale
features from the landing object. In one of our preliminary works, a UAV autonomous visual navigation
system was reported in [25].

3. Feature Recognition and Pose Recovery

The UAV localization for automatic landing is a complex but solvable problem that can be achieved
by the means of vision. In this section, the RQRLP as a reference object is designed for UAV vision and
consists of a set of friendly artificial location markers, shown in Figure 1. By detecting and recognizing
the RQRLP, the UAV can estimate its pose at different heights. The corresponding detection and pose
recovery algorithm, based on homography decomposition, is also introduced in this section.

Onboard FOV
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world frame

Figure 1. The landing object: Robust and Quick Response Landing Pattern (RQRLP).
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3.1. The RQRLP as Landing Object

A vision-based localization is any one that makes use of visual information. The visual information can
be used for navigation, vehicle stabilization, vehicle guidance, obstacle avoidance, or target tracking.

The visual feature at several scales can be provided by the designed landing object RQRLP. A series
of structured and non-structured graphs are set in the RQRLP. The structured graphs comprised of
several nested rectangles are used to provide the scale information for pose calculation, while the
non-structured ones are good feature points for pose tracking. Considering the QR (Quick Response)
code popularly applied in the field of current information recognition, each set of nested rectangles is
regarded as the location markers Top, Right, and Bottom, respectively. These location markers can be
detected and recognized robustly by contour extraction and statistics. First, since each location marker
has a constant contour number, they can be extracted from the background using contour detection
and statistics. Second, the “Top” marker is distinguished by calculating the straight-line distances
between any two markers and is the one that is not on the longest line. Third, the “Right” and “Bottom”
location markers are also recognized by calculating the slope of the longest line and the distance
from the “Top” marker to the longest line. So far, these location markers are recognized uniquely.
Assuming that the size of these markers is known, enough corners of the markers can be obtained as
the corresponding information between the RQRLP and its image plane. The corresponding points are
used for recovering the 6-DOF pose of the UAV. Except for the structured markers, random texture is
designed as the background and consists of rich traceable feature points. The use of such a RQRLP
mode can reduce algorithm complexity and run-time, and allows relative poses to be measured when
the onboard camera system has been correctly calibrated.

’

3.2. Pose Recovery Based on Image Homography

The 6-DOF pose of a UAV (position and orientation) can be recovered by homography decomposition.
Here, homography is a non-singular 3 x 3 matrix H that defines the projection between the RQRLP
and its image plane, and can be calculated using the acquired corresponding points. Assuming that
the 3D coordinate system is built on the RQRLP plane, the Z-axis of all the extracted points are zeros.

T
As a result, the 3D coordinates of all points on the RQRLP are defined to be [ X Y, 0 ] . And the

T
corresponding image points are [ uj v } , the homography relation can be described as follows,

u; X;
o | =H| v ,withH:Kgxg[rl - t] Q)
1 1

Using the extracted corresponding points, one rough solution about the matrix H can be obtained
by Singular Value Decomposition (SVD) [26] or Gaussian Eliminate (GE) [27]. Then, using the Random
Sample Consensus (RANSAC) method, the matrix H can be optimized to remove the errors from the
mismatched points. The goal is achieved after iteratively selecting a random subset of the original
data points by testing it to obtain the model and evaluating the model consensus, which is the total
number of original data points that best fit the model.

As shown in Figure 2, the matrix H can be decomposed to require the onboard camera pose with
respect to the RQRLP, since the homography contains the information of the camera intrinsic and
extrinsic parameters. As shown in Equation (1), assuming that the camera parameter matrix K33 is
known, the 3 x 3 rotation matrix R and the 3 x 1 translation vector t are involved in the remaining
part and can be calculated based on the camera projection model [26],

1= /\K71h1 1 1
= AK 1h, ,with A = — = - )
R 1K el ~ K Tha]
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where the 3 x 1 vector h; is the i-th column of H and the 3 x 1 vector r; is the i-th column of R. Since
all the columns of the rotation matrix are orthonormal to each other, r3 can be determined from r; X ;.
However, the data noise causes the resulting matrix to not satisfy the orthonormality condition, and
SVD is used to form a new optimal rotation matrix that is fully orthonormal.

With this, —R ¢, R! represents the position and the orientation of the onboard camera in the

3D coordinate system of the RQRLP. As a result, the UAV’s pose can also be determined since the
camera is fixed on the body.

Figure 2. Vision based 3D coordinate systems and the object-to-image homography.

4. A Hierarchical Vision-Based Localization Framework

Except for the algorithm of object detection and pose recovery, as the limited image resolution
and the fixed focal-length the employed vision system would have an effect on localization precision
specially when the UAV is at different height. To solve the problem, a hierarchical vision-based
localization framework is proposed, which can extract different scaled features for the corresponding
detection phases, as shown in Figure 3. In this section, how to achieve a vision solution for the three
phases and how to achieve the UAV pose by integrating the pose solutions is described.

onboard camera

'/

dppruach')’é’/pose/j
D DPositiop,
73; ad pose/full pose
“\?: adjustment_detection node poseiestimat@
3
: oscke\a\'\"e post

touchdown_detection_node

Figure 3. The hierarchical vision-based localization framework.

4.1. Hierarchical Localization

Considering an open landing, there are three phases—"”Approaching”, “Adjustment”, and
“Touchdown”—defined in the hierarchical framework. A different vision solution is employed in
each phase.

At the beginning, the UAV is remote from the landing object RQRLP so that it cannot see the
details of the RQRLP clearly. At this point, the outline and dimensions of the RQRLP are detected
by the onboard vision system. Hence, a simple matching-based method is used to find the landing
object from the scene. By tracking the four corners from the rectangular landing object, it is possible
to calculate the relative pose of the UAV. But since the localization is rough, only the 3D position
remains for guiding the vehicle towards the landing. By detecting and tracking the visual information,
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it is thought that the UAV can approach the RQRLP and more vision details can be acquired. This
phase is therefore called “Approaching”. In detail, the image dimensions and coordinates of the
RQRLP are used to provide the relative 3D position for the UAV movement. It is noted that the image
projection of an object implies the relative distance between current view and the object when the
camera parameters are fixed.

For the next “Adjustment” phase of the landing, it is assumed that the flying vehicle is sufficiently
close to the RQRLP so that the detail of the RQRLP can be detected as the visual information for
localization. Using image corners from the location markers of the RQRLP, the relative position
and orientation of the UAV can be calculated exactly by the pose recovery method presented in the
previous section. As a result, a 6-DOF pose of the UAV can be acquired in the “Adjustment” phase.
The obtained real-time pose is used to adjust the UAV to an appropriate state for landing. In particular,
the movement of a landing object (surface or ground vehicle) can be also observed when the UAV is
hovering over the object.

When the UAV is near the end of a landing, the view of the onboard vision system is limited and
the image of the RQRLP can only be captured in part. This phase is called “Touchdown” in our work.
Either one of the two visual features for the last two phases is out of work in this phase, and an optical
flow-based pose tracker is designed to infer the current pose by calculating the optic-flow between
current and previous image frames. Rich textures distributed in the RQRLP can provide vast traceable
feature points. In detail, these points from the planer RQRLP are matched successfully by a nearest
neighbor method and the matched point-pairs are used to calculate the homography Hf“ between
current frame 7 4 1 and last frame i. Then, the UAV 6-DOF pose at the current time can be obtained by
Equation (3). Such a pose tracking method is feasible as certain good corners in the RQRLP enable
convenient tracking and the process is sufficiently short that accumulative error is negligible.

H'=H)

1112 i+1
WwHoHY - - 'H§+ 3
The visual information at different scales are detected in three defined landing phases for UAV
localization with respect to the RQRLP. All of the vision-based feature detection and pose calculations
constitute a hierarchical localization framework. The framework is practical and can guarantee a
consecutive pose solution for a UAV relative landing, such as landing on a maritime vehicle.

4.2. Pose Integration

It should be noted that vision-based solutions for the three landing phases are not strictly separated
and no less than one solution can be acquired during overlapping. To obtain an optimal localization
by integrating these solutions, a federated filter that involves only three local filters is customized.
The federated filter enables the final estimated localization to be consecutive and smooth.

The total structure of the customized federated filter is described in Figure 4. Three local filters
are customized for the three vision solutions, Z;, Z, and Z3, respectively. Each local filter is a typical
extended Kalman filter that involves prediction and update modules, and takes the localization solution
from the vision nodes as the measurement input. The integration part is in charge of calculating the
optimal pose solution and the allocation coefficient 8;. Moreover, an Inertial Measurement Unit (IMU)
is used as the reference system of the federated filter and provides real-time angular velocities and
accelerations for the UAV state prediction. In detail, the estimated state of each local filter X; is a
7-dimensional vector, which involves the UAV position and orientation, as in Equation (4). In such
a local filter, the state X; is predicted by the IMU, and then is updated by the visual measurement.
As is known from the above, the measurements Z; (i = 1, 2, 3) from the three phases are absolute or
relative pose, as shown in Equation (5),

Xi=[xyzqq2q3q4", i =123 )

Zy =2, =[xyzq1 9295 9] Z3 = [Ax Ay Az Aqy Aga Mgz Ags]” ®)
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Acquired from these local filters, these estimated state X; with the corresponding covariance P;
thatis a7 x 7 matrix, are passed to the integration module. It is noted that the covariance P; can imply
the performance of the filter 7, which means the current detection or measurement precision for the
vision node i can be reflected by P;. By summing all available X; weighted with the corresponding
covariances P; from the local filters, the global process noise Qg, state variance f’g and state Xg are
calculated as Equations (6)—(8),

R N

Q=00 6)
i=1
N -1

Py = ()} P @)

hierarchical vision

Figure 4. The customized federated filter for the hierarchical vision-based localization.

In addition, it is necessary for a federated filter to introduce a coefficient j; (Zfil Bi = 1), which
can be used to allocate the prediction noise Q; and the state covariance P; for the local filters at next
time. In general, B; is fixed for a typical Carlson federated filter. However, the detection precision of the
vision measurements is changing for different landing phases. Thus the allocation coefficient 8; should
also be set to dynamical. As a result, B; is defined to be related with P;, and the calculation is shown in
Equation (9). It can be thought that B; is inversely proportional to P;. By such a dynamical allocation,
some disastrous influence could be reduced to output on other filters while one measurement of the
vision localizations is out of work or unreliable. At the same time, the recovery capability for the failed
filter can be also enhanced.

oy = tmce(l\]P;klzl _ trace(P,-Zkl) =123 )
trace (21':1 Pi,k ) trace (Pg,,%)

5. Field Experiments and Results

The results of our hierarchical vision-based localization field experiments are presented in this
section. In these experiments, a motion camera GOPRO4 with a resolution of 1080 p is installed to look
downwards relative to the UAV. The camera is assumed to be calibrated correctly in advance, and the
intrinsic parameters are known. The employed UAV is a six-rotor aircraft with an arm length of 1.6 m,
which is armed by a Global Positioning System (GPS) and an IMU. The UAV rotors can have a manual
or autonomous flight depending on the GPS & IMU system. A XSENS product (MTi-G-700) [28] is used
as the IMU module, which can output high-precision angular and accelerated velocities at 100~400 Hz
and has a low latency (<2 ms). The details of the employed UAV and onboard sensors are shown in
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Table 1. In addition, a base station is set on the ground and Differential GPS is employed to provide
a centimeter level accuracy for UAV position. Figure 5 shows the employed aircraft with onboard
sensors and the landing object. All calculations are programed as nodes and the flight data is recorded
from onboard sensors and considered as the ground truth for comparisons. The designed RQRLP is
placed on the ground and the relative height is approximately zero m. The experiments begin when
the landing object can be detected by the flying vehicle. The position and size of the three location
markers in the RQRLP object are assumed to be known in advance.

HERO4

Figure 5. Left: Landing object RQRLP and the employed six-rotors aircraft system. Right: Onboard
camera and the Inertial Measurement Unit (IMU) module.

Table 1. Specification of the devices in the experiment.

Device Specification

UAV frame six rotors, arm length 1.6 m, total weight 3.2 kg
1080 p, 50 fps, focal length 1280 pixels, principal point: (948.9, 543.2), distortion
GOPRO camera ¢ (~0.00908, —0.03128, 0.00109, —0.00198, 0)

100~400 Hz, Gyroscope: full range 450 deg/s, noise density 0.01 deg/s/+v/Hz;

X MU
sens Acceleration: full range 50 m/s2, noise density 80 ug/vHz.

5.1. RORLP-Based Localization

In the first experiment, the UAV is required to perform a series of typical movements, such as
forward, backward, left, right, up and down, and several 360° spins. These movements involve all
possibilities of a general UAV flight, and could be recovered by the onboard vision. The localization
result and the ground truth from the onboard inertial sensors are shown with time in Figure 6.
The corresponding errors have been also calculated: there is a small error with a RMSE (Root Mean
Square Error) of 0.0239 m in the 3D position, while the RMSE in the orientation is 0.0818 rad.
The results show good performance for the proposed vision-based pose recovery method with our
designed RQRLP.

"RMSE = 0.0339

RMSE = 0.0818 —ouns

S S
orientation (rad)
o ~
|
25% %
§:7.2 F
g g3

3D position (m)

. 4 .
30 40 50 60 70 80 30 40 50 60 70 80
time (sec) time (sec)

() (b)

Figure 6. Vision-based pose recovery by the RQRLP landing object. (a) 3D position with respect to the
RQRLP, in meters (m); (b) Orientation angles involving the roll, pitch and yaw, in radians (rad).
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5.2. Hierarchical Localization for an Open Landing

To test the presented hierarchical vision-based framework in the previous section, another flight
experiment has been carried out. The employed aircraft starts to decline at a of height 20 m. At the
beginning, the object RQRLP is so small in the field-of-view of the UAV that the detailed detection
for the RQRLP is inaccurate and the recovered pose based on the vision “Adjustment” node has a
large error. Alternatively, a rough outline of the RQRLP could be segmented from the background,
and is used in the “Approaching” node to provide the relative position and orientation information,
as shown in Figure 7a. As the UAV is declining below the height of 10 m, as shown in Figure 7b,
the location markers in the RQRLP can be recognized and the calculated pose solution from the
“Adjustment” node tends to stabilize gradually. In the end of the landing, the UAV is so close with the
landing object that the RQRLP is almost out of the view of the onboard vision, as shown in Figure 7c.
At this moment, the optic-flow tracker in the “Touchdown” node is able to calculate the relative pose
continuously by tracking the feature points between image frames and to ensure the final landing
pose. The corresponding detection process of these three vision nodes are also shown in Figure 7d—f,
respectively. The localization result from the hierarchical vision framework and the independent
solutions from the three vision nodes have been displayed in Figure 8. To enable a smooth visual
localization, all available solutions are used as the measurements of the federated EKF framework and
contribute to the final estimation. As a result, an optimal estimation could be acquired by the proposed
hierarchical vision-based framework. In addition, the optimal estimation is compared with the 3D
flight trajectory based on DGPS (Differential Global Positioning System) in Figure 9.

(e)

Figure 7. Feature extraction in different landing phases by the hierarchical vision-based framework.
(a—c) Real images captured in the “Approaching”, “Adjustment”, and “Touchdown” phases,
respectively; (d—f) the corresponding extracted features.
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Figure 8. The hierarchical vision-based localizations and estimation for an open landing. (a—c) 3D
position with respect to the RQRLP in meters (m); (d—f) orientation angles involving the roll, pitch, and

yaw in radians (rad).
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Figure 9. 3D trajectory estimation using the hierarchical vision framework and ground truth (DGPS).

228



Electronics 2018, 7, 68

5.3. Performance Analysis and Comparison

It can be noted that detection or localization precision would be affected when the object feature
is almost out of view. During such a landing process, from a height of 20 m, the onboard camera kept
detecting the landing object RQRLP to calculate the relative pose by using the three vision nodes in
the proposed hierarchical framework. The height measurements with timestamp were acquired and
have been shown in Figure 10a. It is found to be true that the localization is unstable or failed when
the feature is too small to detect in the view. In other words, the detection or localization precision
is dynamically changing as the detecting range. As shown in Figure 6b, the absolute errors on three
measurements have been calculated and can illustrate this point. In our work, it is of great importance
to fuse no less than two measurements in the overlaps in Figure 6a. For example, in the region of
Overlap 1, the allocation parameter §;(i = 1,2) is updated according to the posterior covariance P; of
each local filter , calculated in Figure 10c, and these can be used to trade off either measurement or
local filter, whichever is be more credible. Depending on the real-time acquired f;, the final height
estimation is available in Figure 10d. By the comparison with the ground truth, the height RMSE of
local or global estimations have been calculated to be 0.065 m, 0.0835 m, and 0.037 m, respectively.
It can be observed that localization is improved by such a federated fusing strategy.

25 ' 1 1 12¢
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Figure 10. The landing height estimation by the hierarchical vision localization framework. (a) The
height measurements by three vision nodes “Approach”, “Adjustment” and “Touchdown”; (b) The
absolute errors of visual measurements and estimation; (c) Traces of the covariance (P) of the three
local filters (LF1~3); (d) height estimations from LF1, LF2 and GloBal update (GB).

In addition, the performance of the proposed hierarchical localization framework is illustrated
by comparison with other typical methods. First, localization precision and range are considered
as two main factors for such a comparison. As mentioned above, the RMSE is used to evaluate the
localization precision. Range refers to relative distance, and these vision-based methods have been
studied in the literature. Some methods could provide a 6-DOF or less pose for the UAV. Moreover,
either the employed camera parameters or the landing object’s size would affect the performance of
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these vision methods. Image resolution and the field-of-view are considered as camera parameters.
Hence, the reference information, involving the landing object size, the full- or semi-orientation, the
employed camera resolution and field-of-view, have been also collected for a scientific comparison.
These detailed characteristics of four vision-based methods and our method are given in Table 2.
The four methods were selected since almost all the information of interest has been provided in
their work. It can be seen that the smaller or narrower the range is from the onboard camera to the
landing object, the better precision is ensured. While a centimeter-level precision has been obtained by
the other referenced methods, our hierarchical vision localization is able to calculate the 6-DOF pose
between a larger range of 0~20 m. This means that, based on such a hierarchical framework, the UAV
pose guidance would be enough and practical for an open landing.

Table 2. Comparisons between other methods from References (Ref) and our method.

Methods Ref [6] Ref [29] Ref [5] Ref [30] Ours
Position RMSE (m) 0.2467 0.015 0.0392 <0.05 <0.0639
Orientation RMSE (rad) 0.0653 0.0209 0.0436 <0.0872 <0.0818
Range (m) 3~10 0.677~1.741 1 1~1.1 0~20
Pose (DOF) 4-DOF 6-DOF 6-DOF 6-DOF 6-DOF
Object size (m) 091 x 1.19 0.01 (diameter)  0.18 (diameter) unknown 0.85 x 0.85
Vision Resolution (pixels) 640 x 480 752 x 480 640 x 480 320 x 240 1920 x 1080
field of view (deg) unknown 90 90 unknown 90

6. Conclusions

In this paper, a hierarchical vision-based localization framework has been presented for UAV
landing. In the hierarchical framework, the landing was defined in three phases: “Approaching”,
“Adjustment”, and “Touchdown”. For the three phases, object features at different scales are able to be
extracted for UAV pose recovery. And the landing object RQRLP has also been designed for hierarchical
vision detection. These original localizations are then integrated as independent measurements into
a costumed federated EKF framework, which enables the final localization to be smooth and robust.
Several typical experiments have been performed in the field and the results were analyzed to display
the performance of our hierarchical vision localization framework. Such a hierarchical vision-based
framework with a centimeter-level precision has a longer localization range and is thought to be
significant for an open landing.
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