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Abstract: A review of the recent research work on High-Power and High-Speed (HPHS) Ge-on-Si
photodiodes design is presented, using Silicon Photonics (SiPh) technology, suitable for Radio-over-
Fiber scheme. The Photodiode (PD) principle of operation, its structure for high RF photogenerated
power, and the achieved wide bandwidth are presented. Followed by the PD equivalent circuit
models which are introduced such that it is allowed to obtain the PD S-parameters and bandwidth.
Then, the PD theoretical transit-time and RC-time bandwidths are presented, and the PD
photocurrent behavior against input optical power and the optical signal manipulation techniques to
improve the PD performance are also presented. After that, the impedance matching techniques
between the PD output impedance and antenna input impedance are presented. Finally, the recent
photonic mmWave antenna designs are introduced.

Keywords: Ge-on-Si photodiode; High-Power and High-Speed Photodiode; Silicon Photonics; C-
band optical signal; radio-over-fiber; wireless 5G communications; mmWave antenna

1. Introduction

Global mobile traffic and the number of subscribers to the wireless network are increasing
dramatically with time [1]. Therefore, the 5G network is the key solution for the wireless network to
provide reliable connections for the incoming huge number of subscribers and applications. The
communication data rates are increasing sharply [1]. Thus, fast optical counterparts are replacing the
slow electrical components in communications systems, so that the data rates can be sharply
increased. Thus, communication systems are developed into new schemes where electric Radio-
Frequency (RF) components are directly interfaced with optical components. As shown in Figure 1,
the conversion from the optical to electric domain is achieved using High-Power and High-Speed
(HPHS) photodiodes. On the other hand, the conversion from the electric to the optical domain is
obtained by modulating optical sources. Furthermore, these photodiodes and optical modulators are
connected to microwave components such as antennas or electric amplifiers [2]. The photodiodes for
wireless communication applications must operate at high speeds for higher communication data
rates and high RF photogenerated powers for enhanced Signal-to-Noise Ratios (SNR) and signal
coverage range.

The HPHS photodiodes can be designed using the III-V semiconductor material or achieved
using the Silicon Photonics (SiPh) technology. The III-V photodiodes have been reported to achieve
high output RF powers with wide operating bandwidths. However, the III-V photodiodes are very
complex to be integrated with the Complementary Metal-Oxide Semiconductor (CMOS) technology,
making them complex to be integrated with electronics. On the other hand, the Germanium-on-
Silicon (Ge-on-5i) photodiodes implemented using the SiPh technology can easily be integrated with
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the CMOS technology. However, the reported Ge-on-Si photodiodes did not achieve as high powers
as the RF powers achieved by III-V photodiodes, and they also did not achieve as wide bandwidths
as the bandwidths achieved by III-V photodiodes.

Figure 1. Photonic integrated circuits include photonic light generation, photonic signal processing, photonic

signal routing, optical light detection, and optical modulation [3].

In addition, microwave photonics circuits are much easier to be fabricated using the SiPh
platform. On the other hand, if the photodiode is to be designed using the III-V semiconductor
material, fabricating it is a complex and high-cost task. Thus, it leads to a complicated integration
process with SiPh or CMOS systems. The Silicon Photonics technology applies the CMOS processing
techniques to obtain photonic, opto-electronic, and microwave photonics circuits [3]. On a SiPh chip,
many different optical and electrical components can be installed and interfaced, such as Light-
Emitting-Diodes, optical waveguides, optical signal processing components, photodiodes, optical
modulators, antennas, mmWave circuits and so on [3]. Therefore, the SiPh platform provides an
important opportunity for the optical and microwave components to be integrated on the same
substrate, improving the data rates for the 5G technology and beyond.

This review article presents the recent developments in High-Power and High-Speed
photodiodes used for Radio-over-Fiber (RoF) 5G wireless technology. This article is arranged as
follows: Section 2 presents a recent review study for HPHS photodiodes, Section 3 presents important
applications for microwave photonics circuits using HPHS photodiodes, and Section 4 concludes the

paper.

2. High-Power and High-Speed RF Photodiodes

It has been reported that the photodiodes designed using the III-V semiconductor material on
an Indium Phosphide (InP) substrate can provide high output RF powers that can sufficiently cover
required wireless ranges for 5G base-stations radiations at mmwave frequencies [4]. The RF
photogenerated power of III-V photodiodes reaches 25 dBm at 25 GHz, and 15 dBm at 65 GHz [4].
However, the III-V photodiodes are complex and high-cost to be fabricated, and they are challenging
to integrate with CMOS and SiPh technology. On the other hand, the Ge-on-5i photodiodes, designed
using SiPh technology, could provide sufficient output RF photogenerated powers at mmwave
frequencies. Many High-Power and High-Speed (HPHS) Ge-on-Si photodiodes have been recently
reported to be implemented for microwave photonics applications [5-26]. HPHS Ge-on-Si
photodiodes can be achieved when the Ge absorbing region is optically fed using evanescent
coupling with double lateral Silicon Nitride waveguides [5]. They can also be obtained using a mode-
evolution-based coupler, illuminating the light into the Ge region uniformly to reduce the saturation
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effects at high input optical powers [6-7]. In addition, they can be achieved when many photodiodes
are connected in parallel to form a photodiode linear array [8-14]. Also, when the photodiode doping
concentrations are regulated, the space-charge screening effects sharply decrease [15]. In addition,
HPHS photodiodes (PDs) can be achieved when it is constructed using stacking N-, intrinsic- and P-
type doped regions, and the light is evanescently coupled into the Ge region [16-17]. Furthermore,
HPHS PDs can be achieved using the Uni-Traveling Carrier (UTC) approach, where the electrons are
the only allowed carriers, and the slow holes are blocked and excluded [18]. UTC PDs can also be
achieved using the III-V material, which are then integrated heterogeneously on the Silicon (Si)
substrate [19]. The avalanche gain can also provide HPHS Ge-on-Si PDs [20-23]. However, most
Avalanche PDs are designed for data communications applications at the O-band. Traveling-wave
photodiodes can also achieve HPHS PDs [24-25]. It was also found that when the optical field is
manipulated properly around the Ge absorbing region, higher output RF powers are expected to be
obtained from the PDs [26]. Table 1 presents the performance comparison between the introduced
Ge-on-Si PDs.

It is worth mentioning that Germanium is a good medium for absorbing optical signals with

-1 at

wavelengths just before 1600 nm [27]. The absorption coefficients of the Ge medium are 10* cm
1310 nm, and 5 x 103 cm™! at 1550 nm. Therefore, the Ge material is a perfect option to be used as
the absorbing medium for photodiodes which are used for data centers at 1300 nm, and it is also a
good option for the photodiodes which can be used for 5G base stations at 1550 nm. However, InGaAs
material is more efficient at 1550 nm wavelength; however, Ge is used for PD design as it is much

easier to integrate within a Silicon chip using the SiPh platform.

2.1. Photodiode Principle and Structures

When the light is evanescently coupled from double lateral waveguides to the Ge region, the PD
is expected to provide high-power and high-speed operation [5]. The evanescently coupled PD is
shown in Figure 2. The light distribution in the absorption Ge region is uniform due to the tapering
of the lateral waveguides. As a result, the photogenerated carriers are not concentrated at a specific
location, and the operating bandwidth of the PD is increased. In addition, the applied electrostatic
field between the PD electrodes is also sufficiently strong due to the doping concentrations used for
the N+-, P-, and P+-region. Therefore, the collection of the photogenerated carriers is fast and efficient.
The lateral waveguides are sufficiently long, so the injected photons are fully absorbed as they travel
along the Ge region. Phase matching between the waveguide and Ge region modes should be
achieved to obtain efficient light coupling [28]. Many parameters affect the mode coupling condition,
such as the waveguide thickness, the Ge region thickness, the refractive indices of the waveguide and
Ge region, and the operating wavelength.
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Figure 2. The Ge-on-Si photodiode using double lateral SizN, optical waveguides [5]. (a) Side view of the
photodiode, (b) Top view of the PD, (c) Cross-sectional view of the PD, and (d) Electric field distribution across

the Si3N, waveguides, and along the Ge absorbing medium.
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When the photodiode is operated under high-power conditions, that is, when the input optical
power is 10 mW or more, then the photodiode suffers from degraded linearity, heat failure
occurrence, losing the mode matching between the waveguide and Ge region, and accumulation of
charges causing the space-charge effects to take place. The mode-evolution-coupling technique can
achieve HPHS PDs [6-7]. Figure 3 shows the proposed mode-evolution-based coupled HPHS PD in
[7]. The optical light is divided into two optical waveguides using a Multimode Interferometer (MMI)
power divider such that two parallel Ge regions are equally fed using the mode-evolution-based
coupling technique. The mode-evolution-based coupler comprises the waveguide bend and the
linearly tapered waveguides. The waveguide bend reduces the mode mismatch between the
waveguide and the Ge region. Therefore, the bend radius should be as large as possible to achieve a
gradual mode transition. The waveguide taper allows the light to couple into the Ge region gradually
and efficiently; as a result, a uniformly distributed optical generation rate along the PD length is
achieved, and the PD saturation current is improved. The waveguide taper length should be as long
as possible to increase the PD responsivity; however, the PD bandwidth will be reduced due to
increased capacitance. It is worth noting that when the Ge region was divided into two halves, the
input optical power at each Ge region was reduced by half, the space-charge effects were much
reduced, and the saturation current was much improved. The proposed HPHS PD in [7] achieved a
dark current of 73 nA at —1 reverse bias, and a photocurrent of 9.4 mA at an input optical power of
20 mW. The high-power operating bandwidth of the PD is 31.6 GHz when the input optical power is
4mW.
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Figure 3. (a) Butt-coupled PD with 50 um long taper. (b) The proposed mode-evolution-based coupled PD [7].
(c) The cross-section view of the proposed PD. (d) The top view of the proposed PD. (e) The optical generation
rate for the butt-coupled PD. (f) The optical generation rate for the proposed mode-evolution-based coupled PD.
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Furthermore, the Ge regions can be connected in parallel using a single Ground-Signal-Ground
(GSG) terminal to enhance the output power of the photodiode [8-14]. When two Ge regions are
connected in parallel, the total Ge area is increased twice. As a result, the junction capacitance
increases by a factor of two, and the series resistance decreases by a factor of two also; as a result, the
PD RC-time bandwidth is not changed, and the PD saturation current is sharply increased. Hence,
the PD output RF power is increased sharply as well. The array of two elements proposed in [8] is
illuminated by light from the front and back sides of the Ge regions; as a result, the absorption rate
along the Ge regions has a uniform distribution, causing the space-charge effects to be reduced
sharply, and at the same time, the saturation current increases sharply. In addition, when the PD is
illuminated by light from both sides, then the applied optical power on the Ge regions is reduced by
a factor of 0.5, which decreases the chances of thermal failures sharply. The dark current of the PD
array has increased compared to the dark current of the single-element PD.

When the number of elements of the PD array is increased to be more than two elements, then
the PD array saturation current will be increased, but the PD array RC bandwidth will be changed
from that of the single-element PD because the PDs resistances will not be connected in parallel.
Therefore, the RC bandwidth of the PD array can be calculated using the transmission matrix method
to analyze the resulting complicated PD equivalent circuit, as was proposed in [9], where all the Ge
regions share the same P+ doped region. It was found that when more than two array elements are
used, then the PD array bandwidth will be reduced as the junction capacitance increase will be the
dominant affecting factor, and the array total resistance will not decrease. However, the bandwidth
of the PD array can be enhanced using inductive peaking techniques and transmission line theory.
The saturation current of the PD array with more than two array elements will gradually increase,
because there will be high power losses in the P+ doped region resistances, and due to out-of-phase
currents flowing in these resistances [9].

Traveling Wave PD Array (TWPDA) can also be designed to avoid bandwidth reduction by
using more than two array elements [10]. The used single-element PD for the four-element TWPDA
proposed in [10] is a PIN PD [16, 28 — 29] with a high photocurrent and a wide bandwidth. The
impedance matching between the TWPDA and a 50 Ohm load is achieved by optimizing the GSG
coplanar-waveguide electrodes connected to the four PD elements, considering the periodic
capacitive PD loading. In addition, it can be seen from Figure 4, showing the proposed TWPDA in
[10], that optical delay lines match the optical velocity with the electrical velocity. On the other hand,
it can be seen from Figure 5, showing the proposed TWPDA in [11], that this proposed PD array has
single-element PDs illuminated from the front and back sides such that the power handling capability
of the PD array is doubled.
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Figure 4. (a) The travelling-wave PD array in [10], (b) Signal metal connections to the single-element PDs at the

B position, and (c) Ground metal connections to the single-element PDs at the C position.
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Figure 5. The High-Power and High-Speed dual-illuminated TWPDA in [11].

The traveling wave photodiode approach was also used to provide a High-power and High-
Speed Photodiode as proposed in [24-25]. The traveling wave photodiodes are designed with
metallic electrodes that achieve the impedance matching with an external circuit. The transmission
line theory matches the impedance between the microstrip or coplanar waveguide electrode lines
and the output circuit (50 Ohm load, for example). The input terminal of the electrodes will also be
connected to a matched load such that the backward traveling waves are absorbed and not reflected
in the transmission lines. Hence, the TWPD bandwidth is engineered using the transmission line
theory, and the PD RC-time bandwidth, carrier drift time, carrier diffusion, carrier trapping, and the
bandwidth of velocity matching between the electrical and optical signal will also impact it. It can be
seen from Figure 6 that the proposed TWPD in [25] is optically dual-injected and evanescently
coupled to the Ge region. The TWPD length is optimized to achieve the best PD performance when
the uniform light distribution occurs in the Ge region because the left- and right-incoming optical
signals will add up constructively to provide a uniform distribution. As a result, the effective
absorption area is increased, and the saturation performance is much improved. The RC time
constant, the carrier transit time, and the electrodes length limit the 3 dB bandwidth of this proposed
TWPD. When the PD electrodes are longer, the PD capacitance and transmission line loss are
increased; as a result, the PD bandwidth decreases. Also, when the PD length provides non-uniform
light field distribution, the bandwidth will decrease because of increased space-charge screening
effects. Also, the PD bandwidth decreases when the input optical power increases due to the increase
in the space-charge screening effects and the much higher probability of carriers collisions with the
lattice.

(a) (b) W siticon
= &£ 0 Germanium
Electrode

Beam splitter
—_—
Incident light

Figure 6. (a) Incident light is split into two beams to feed the PD, and (b) The proposed dual-injection PD in
[25].
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The HPHS PD can also be achieved when doping concentrations are regulated to reduce space-
charge screening effects significantly [15]. The doping-regulated Ge-on-Si PD is shown in Figure 7,
where it can be seen that the Ge region is sandwiched between the N++ doped region and P+ and P++
doped regions. When the doping concentration in the P+ collection layer is increased, the number of
holes in the collection layer is much higher than the photogenerated carriers in the absorption Ge
region, and the built-in electric field is much enhanced. As a result, the carriers’ transport speed is
much enhanced such that it achieves saturation velocity, the carriers’ transit time is much reduced,
the probability of carriers recombination is reduced, the photocurrent and saturation current are
much increased, and the space-charge screening effects are eliminated.

In addition, when the optical signal is coupled evanescently to the Ge region of the PIN PD, then
high-power at high speeds PDs can be achieved as they were reported in [16-17]. Also, Uni-Traveling
Carrier (UTC) PD, where the only allowed carriers are the electrons, can be designed using the Ge-
on-Si approach or using the heterogeneously integrated III-V material on Silicon (Si) to achieve HPHS
PD performance [18-19].

Figure 7. (a) 3D view of the doping-regulated PD in [15] and (b) PD with conventional doping regions. (c) The
PD with the optimized doping regions.

Finally, the avalanche gain can increase the Ge-on-Si PD output power as proposed in [20-23].
However, these Avalanche Ge-on-Si PDs are reported to be used for data communications within
data centers and not for 5G base stations with the RoF scheme. Hence, they are briefly presented here
to show that using the Avalanche gain could introduce the opportunity of achieving HPHS PDs for
5G base station applications. The proposed Avalanche Photodiode (APD) is presented in Figure §,
which shows an example of an APD design. The proposed APD design achieves a bandwidth of 18.9
GHz, a DC photocurrent gain of 15, and a sensitivity of — 11.4 dBm at a reverse bias of — 6 V. It can be
seen from Figure 8 that the APD has three terminals, and the Ge region is installed on top of the Si
waveguide, and the waveguide is installed on top of a Si substrate. The optical signal is evanescently
coupled to the Ge region for absorption. The top side of the Ge region is P-doped and connected to
terminal one, while the Si substrate is composed of interdigitated N- and P-doped fingers spaced
using intrinsic silicon. The P-doped fingers are connected to terminal two, and the N-doped fingers
are connected to the third terminal. As a result, two reversed-biased PIN diodes are achieved, and
the light absorption region is independently controlled from the charge multiplication region.
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Figure 8. (a) The APD design in [23] and (b) Absorption and charge multiplication region.
Table 1. Comparison table between the introduced HPHS Ge-on-Si photodiodes in this article.
Photodiode Res. HF Phc. BW RE-P Dark Appl. | DC Phc.
(A/W) (mA) (GHz) (dBm) Cur. (mA)
(uA)
Ev. Coupled PD 0.52 12 36 8.57 0.1 HP 16
[5]
Mode-Evolution 047 1.88 31.6 -7.53 0.073 HP 9
PD [7]
2-Element PD [8] 0.46 13 9 9.27 1.28 HP 28.8
8-Element PD [9] 0.77 1 4.1 -13.01 3.46 HP 37
TWPD 4- 0.82 20 HP 65
Element [10]
4-Flement 0.76 13 35 9.26 >3.5 HP 112
TWPDA [11]
TWPD [25] 1.07 11.4 0.0099 HP 13.28
8-Element PD 0.21 48 5 14.3 15 HP
[12]
4-Element PD 0.58 19 15 7 0.3 HP
[14]
Doping 1.06 53 20 1.5 0.0014 HP 36.4
Regulated PD
[15]
PIN PD [16] 40 4.38 14.17 125 HP
Si-Based  UTC 0.5 2 30 -11.7 20 HP
PD [18]
I-V UTC PD on 0.95 40 12 0.01 HP
Si[19]
Av. PD [20] 0.65 27 low 100 LP D-
Com.
Av. PD [21] 14 low LP D-
Com.
Av. PD [23] 18.9 low LP D-
Com.
Ev. =Evanescent, Av.=Avalanche, BW=Bandwidth, Res. =Responsivity, HF =High Frequency, Phc.
=Photocurrent, RF-P= RF Power, Cur. =Current, Appl. =Applications, HP =High Power, LP =Low
Power, D-Com. =Data Communications
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2.2. Photodiode Equivalent Circuit Models

A fundamental equivalent circuit for a photodiode can be presented as shown in Figure 9 [5],
where Cj represents the PD junction capacitance in the Ge absorption region, Cp represents the
parasitic capacitance between the conductors of the Coplanar Waveguide (CPW) line, and Rs
represents the series resistance of the highly P- and N-doped regions at the ohmic contacts on Silicon
and Germanium. The junction capacitance C; is a function of bias voltage and the Ge region
geometry. While the series resistance R; is a function of the doping concentrations at the ohmic
contacts, and its value is usually around 50Q when the PD area is small. It can be seen from Figure
9 that this PD equivalent circuit reveals the RC-time performance of the Ge-on-Si photodiode. In
addition, many parameters were ignored in this equivalent circuit as their effects on the PD
performance are negligible. Figure 10 [18] presents a more detailed equivalent circuit, where the CPW
conductors are represented using the series inductance Lpad and the shunt capacitance Cpad. In
addition, the junction resistance Rp is also included. This resistance R, is usually very high because
of the very small dark current, and it is usually safe to ignore this junction resistance.

il

Figure 9. RC equivalent circuit for the Ge-on-Si PD in [5].

R 5 Lpad
AAA— 0 / °
| ph CpiRp Cirnd Output

Figure 10. Equivalent circuit of the UTC PD in [18].

A more involved RF small-signal equivalent PD circuit is presented in Figure 11 [30], where the
transit time and the RC time effects are included. It can be seen that the input voltage source e;(w)
represents the input Radio-Frequency optical power component, followed by the PD transit-time
equivalent circuit including R, and C;, where their values are optimized in the beginning so that the
PD transit-time bandwidth is correctly achieved. The transit-time bandwidth is usually very high,
with values that could reach around 200 GHz or more, therefore, it can be ignored when the targeted
operating frequencies are well below 100 GHz. The output voltage e,(w) represents the generated
RF electric field in the PD absorption region, which drifts the free carriers to the PD external circuit.
Therefore, the PD photocurrent is represented by the voltage-dependent current source i(w), which
is dependent on the generated RF electric field in the PD absorption region and the PD responsivity
gm- The PD photocurrent feeds the RC-time equivalent circuit and the PD load. The PD equivalent
circuit in Figure 11 provides a more accurate frequency response for the photodiode. It is worth
highlighting that the space-charge screening effects and thermal failure limit the output RF power
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from the photodiode. When the photodiode is operated under low-power conditions, the photodiode
operates in its linear region since the electric field in the depletion region is not collapsed and free
carriers drift with constant saturation velocity; as a result, the PD equivalent circuit is independent
of the input optical power. On the other hand, the equivalent circuit is dependent on the input optical
power when the photodiode is operated under high-power conditions because the PD transit-time
and junction capacitance become dependent functions of the input optical power; as a result, the
output RF power varies nonlinearly with the input optical power.

o T

i(w)=
Zmeo(0 )

O

e(o)

i(w)

Region 1: Transit time Region 2: RC-delay line

Figure 11. Photodiode equivalent circuit including the transit time and RC time effects [30].

It can be seen from Figure 12 and Figure 13 [31-32] that the PD equivalent circuit can also be
designed including the CPW line model, where the S-parameters of the CPW line are included in the
CPW line model in the equivalent circuit. It can be seen from Figure 13 that the PD CPW line is
designed with an inductive-peaking transmission line tapered to a 50Q line. Therefore, inductive
peaking is achieved to enhance the photodiode bandwidth.

Wy
(‘j J_ H.Fl ﬂ EF"W
Ly SR=1GD Tq R,=500

Figure 12. A more accurate PD equivalent circuit including the full-wave simulated PD CPW pads in [31].

—
N e————

R, L I

R,

Coo

R=500

Figure 13. PD equivalent circuit including the simulated S-parameters of the PD CPW pads [32].

The equivalent circuit of the photodiode array, when it is composed of two elements, is
presented in Figure 14 and Figure 15(b), [7-8]. It can be seen from Figure 14 and Figure 15(b) that the
PD bandwidth is not decreased when two array elements are used because the two Ge regions are
connected in parallel, and while the total junction capacitance is doubled, the total photodiode
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resistance is halved at the same time. As a result, the bandwidth of the PD array with two elements
does not decrease when compared with the corresponding single-element PD bandwidth. This fact
is obvious to obtain from Figure 15(b), where it can be seen that the junction capacitances of the two
Ge regions and the element resistances are connected in parallel. The shunt topology in Figure 15(b)
is chosen because the two Ge regions are connected in parallel as presented in Figure 14. It can be
seen from Figure 14 that the PD element junction is available in the Ge region, and the top N++ Ge
regions of the two elements are connected to the same ground electrode, while the P++ Si region of
the two elements is connected to the same signal electrode. As a result, the two Ge regions are
connected in parallel.

BOX

L.
X Bottom-Si

Figure 14. RC equivalent circuit for the PD array in [7].

I{Fld
lpd _L( _—(-Iu:ul
‘ljr " Rivad

(a) Typical dcisgn

R|u| R;:ql
1+
pud L*- " (1|u-_|4|
_IBI : Rl-::::l

(b) New design

Figure 15. (a) Equivalent circuit for a single-element PD and (b) Equivalent circuit for a two-element PD array

8.

On the other hand, when the PD array is composed of more than two elements connected in
parallel, as shown in Figure 16 [9], the bandwidth of the PD array is decreased. This is because the
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elements’ resistances and junction capacitances, Rer and C; in Figure 16, are not connected in
parallel, and this equivalent circuit should be analyzed using different mathematical approaches to
find the PD array bandwidth; e.g., the transmission matrix method can be used to find the frequency
response of the PD array with more than two elements. The power loss in the PD array with more
than two elements will also increase. However, the overall saturation photocurrent increases sharply
as the element numbers increase.

(a)
Ry
A B
Kilhy
& RI: v, Ry, Vi a“lu V-t Ry 5
v \r " sase v v V.

® . ® J—q i @ +w®

Figure 16. Equivalent circuit for the n-element PD array in [9].

2.3. Photodiode Bandwidth Design

The electrical 3 dB bandwidth of the photodiode is dominantly limited by the RC- time and
transit-time bandwidths. The photodiode equivalent circuit can obtain the RC- and transit-time
bandwidths. The carrier transit-time bandwidth for the Ge-on-Si PD in [5] was calculated as shown
in Eq. (1)

0.45 x Up 1
fo=—7— M

where vy, is the carrier drift velocity, and d is the thickness of the Ge region. The carrier drift
velocity depends on the electric field strength; it is v, = 6 X 10° cm/s for the Ge medium [5]. The
carrier transit-time can be defined as the required time for the photogenerated electrons and holes to
travel from the absorption region to the collecting electrical electrodes. The holes” drift velocity
dominantly limit the transit-time bandwidth for Ge-on-Si photodiodes because the holes are slower
than electrons. On the other hand, the RC-time bandwidth was found to be calculated as shown in
Eq. (2), [5] and [7]
1
f RC oD (2)

- 27R ot Crot

where R, is the total PD resistance including the PD series ohmic-contact resistance, junction
resistance, and load resistance, and C;,, is the total PD capacitance including the junction and
parasitic capacitances. If the load resistance is set to zero, then the R;,, resistance can be found as
shown in Eq. (3) [5]
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R;R,

R, —_J"S 3)
©°C TR +R;

where R; is the PD junction resistance, and R is the series contact resistance. The junction
capacitance can be found as shown in Eq. (4)

_ &o&A (4)
7 d
where €, is the dielectric constant of the Ge medium, A is the PD active area, and d is the depletion
region depth.
The overall electrical 3 dB bandwidth can be obtained as shown in Eq. (5) [5].
1 5
1 1
—_ 4 =
2 2
RC ftr

The RC-time bandwidth dominantly determines the electrical 3 dB low-pass bandwidth of the
photodiode if the Ge thickness is small and the frequency of operation is not too high. It is worth
highlighting the trade-off between the transit- and RC-time bandwidths. When the Ge thickness is
decreased to improve the transit-time bandwidth, the RC-time bandwidth is degraded, and vice
versa. In addition, the photodiode bandwidth, saturation RF power, and PD linearity are dependent
parameters on the bias voltage and input optical power. The junction capacitance varies when the
bias voltage changes because the PD depletion region width varies. As a result, the RC-time
bandwidth is varied. On the other hand, when the input optical power increases, the space-charge
screening effects increase, and the electric field in the absorption region decreases; as a result, the
carrier velocity decreases and the transit-time bandwidth decreases.

The RC bandwidth of the PD array of two elements is equal to the RC bandwidth of the single-
element PD. This part proves this concept mathematically. The RC-time bandwidth of the single-
element PD can be written as shown in Eq. (6) [8].

1
f =
ke 27‘[(de + Rload)(cpd + Cload)

And the RC-time bandwidth of the two-element PD array is shown in Eq. (7) [8].

(6)

1

_ (7
27T(0.5de + Rload)(chd + Cload)

fRC

It can be seen from Eq. (6) and Eq. (7) that the total resistance of the PD array is divided by 2,
and its total capacitance is multiplied by 2 because the two Ge regions are connected in parallel.
Therefore, it can be seen from Eq. (6) and Eq. (7) that the RC bandwidth of the two-element PD array
is almost equal to the RC bandwidth of the single-element PD. However, when the number of array
elements is more than two, PD array bandwidth decreases as the number of elements increases.

2.4. Photodiode Saturation Current and RF Power

The photocurrent versus optical power characteristics of this proposed PD in [25] show that
three photodiode operation regions can be deduced, as shown in Figure 17. The first operation region
is obtained where the photocurrent is linearly increased versus the input optical power because the
Ge region is not saturated yet. The second operation region is obtained where the photocurrent
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increases linearly with the input optical power but with a different slope. The Ge region in this
operation region is partially saturated, and the saturated PD volume increases with the increase in
input optical power. The third operation region is the saturation region where the carriers in the Ge
region are fully saturated; the carriers inside the light field distribution are fully saturated, and as a
result, the photocurrent does not increase when the optical power increases.

14 b [ 6pm |
| | —— 10um| 13.28 mA
12
<
-E- 10 i_-
=
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2 I < LOTA/W
2 s} ="
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Luminous power (mW)

Figure 17. Photocurrent versus optical power characteristics for the proposed PD in [25].

In general, the output RF photogenerated power can be found in dBm using Eq. (8). In addition,
the saturation current which starts in the nonlinear operation region can be defined as the average

photocurrent at which the RF power compressions curve drops by 1dB from its peak value.

0.5 x R, X Iy

8
PRF =10 x lOg (W) [dBm] ( )

It is worth noting that the PD power handling capability and saturation performance can be
much improved when the incident light field is illuminated on the double sides of the Ge absorption
region using different optimized manipulation approaches to allow the absorption profile to spread
more uniformly across the PD absorption region. Different light manipulation approaches are
proposed in [26], as shown in Figure 18. Type B PD has three sections where Section 1 is used to
generate multi-modes, and the light is manipulated to provide a good pattern before reaching the Ge
region. Section 2 allows the light to be illuminated in the front and side parts, which results in an
optimized light distribution and a new absorption profile in the Ge region. Section 3 is designed so
that the light is fully absorbed. Type B PD is modified to be double-sided illuminated using a 1 x 2
MMI (MultiMode Interferometer) splitter shown as type C PD in Figure 18. It was found that the dark
current for the three types is almost the same. The saturation current increases sharply from type A
to type C, and the PD bandwidth increases sharply under high-power operations. The low-power
operations bandwidth does not vary much when going from type A to type C PD.

{ch

Type C l::‘:\""-.._

N

A\
______________ X
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............... — —=an
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Figure 18. Different optical field manipulation techniques, proposed in [26].
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3. Photodiode Integrated Photonic Applications

3.1. MMWave Matching Network Design

The photodiode is a capacitive source, and an inductive matching network must be designed
between a photodiode and microwave load. The matching network can be designed directly on the
photodiode substrate or a separate substrate where wire or flip-chip bonding connects the matching
network to the photodiode. A microwave load is designed with an input impedance of 50Q;
however, this impedance is low, degrading the photodiode sensitivity because of high thermal noise
and weaker absorption for the RF photogenerated power. The photodiode matching network uses
three approaches to achieve complex conjugate matching between a photodiode and microwave load.
First, a matching network is designed between the photodiode and a microwave load. This matching
network uses spiral inductors, quarter-wavelength transformers, matching open- or short-circuited
shunt CPW stubs, and inductive peaking transmission lines. The inductive peaking transmission line
is designed to have a very high characteristic impedance tapered to a low characteristic impedance
line to be matched with the microwave load input impedance. The inductive peaking transmission
lines are also used to improve the photodiode bandwidth. Second, the antenna input impedance is
engineered to achieve an inductive reactance that slowly varies with frequency. The third approach
is achieved when a trans-impedance amplifier is used to achieve the impedance matching between a
photodiode and microwave load.

The first approach is shown to be used in Figure 19, where resonating mmWave matching
networks are presented [36-37]. These resonating matching networks provided a narrow matching
bandwidth. It can be seen from Figure 19 that these matching networks are composed of CPW
quarter-wavelength transformers and inductive peaking lines. It can also be seen that DC block
capacitors are used so that the RF signal is blocked from flowing to the DC bias network and forced
to flow into the microwave load.

(a) (b)

(c)

Figure 19. Micrographs of the fabricated photonic microwave generators (PMGs) presented in [36-37].

The second matching approach can be seen in Figure 20 and Figure 21, where the antenna input
impedance is achieved to be inductive and compensates for a photodiode’s capacitive reactance [38-
39]. The antenna geometrical parameters are optimized to achieve the complex conjugate matching
between the photodiode and the antenna. The Connected-Array antenna of bowtie elements is
designed on an Aluminum Nitride (AIN) substrate [38]. The substrate thickness and dielectric
constant of the AIN substrate were optimized to control the antenna input real-part impedance, while
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the input inductive reactive impedance was achieved using the inductive peaking technique using a
coplanar strip line and wire bonds. Furthermore, the antenna metallic dimensions can be optimized
to achieve the complex conjugate matching as shown for the proposed Short Asymmetric Inductive
Dipole (SAID) antenna in [39]. The proposed photonic antenna in [39] achieved a 1GHz
reconfigurable bandwidth in the frequency range from 26.5 to 40 GHz. The antenna input real-part
impedance was controlled using the ground and dipole dimensions, as well as the proximity spacing
between the dipole and ground. On the other hand, the antenna input inductive imaginary-part
impedance was achieved using the two metallic loops around the feeding CPW pads.

(35

ani “r‘-‘ﬂlllI

—— i ———

Wy

Figure 21. Proposed photonic-integrated SAID antenna in [39].

The third impedance-matching approach is achieved using a trans-impedance amplifier [40] as
shown in Figure 22. It can be seen from Figure 22 that three transistors are used to step up the
photodiode low output impedance to 50€. Unfortunately, this trans-impedance amplifier consumes
much power, and achieving a narrow matching bandwidth.

Vep
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. 118um | | 200fF dpm | | 60fF 188um | | 44fF 30,
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Figure 22. Trans-impedance low-noise amplifier in [40].
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Furthermore, the photonic matching network should incorporate a bias-tee such that the
photodiode is DC reverse biased, and the RF signal is blocked from flowing to the DC biasing
network [41-42]. The DC bias is blocked from flowing into the RF load using an interdigital capacitor
as shown in Figure 23 and Figure 24. On the other hand, the RF signal is isolated from flowing into
the DC biasing network using a grounded CPW open-circuited shunt stub as shown in Figure 23, or
using a band-reject filter as shown in Figure 24. The proposed bias-tee in [41] was designed to operate
in the frequency band from 57 to 64 GHz, while the bias-tee in [42] operates from 71 to 86 GHz.

DC
bond-wire

(RF out) SIw
GCPW-to-SIW transition antenna

Figure 23. GCPW bias-tee in [41].

Figure 24. GCPW bias-tee in [42].

3.2. Photodiode Integrated Photonic Emitters

A photonic-integrated quarter-wavelength monopole antenna was designed at 15 GHz on a
Silicon chip with a volume of 3 x 3 x 0.125 mm?, a gain of —0.22 dBi, and a bandwidth of 800 MHz
[43]. The proposed design is shown in Figure 25. The 40 GHz photodiode is connected at the GSG
pads shown in Figure 25, where the photodiode is a Ge-on-Si photodiode designed to be operated
under low-power conditions.
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Figure 25. SiPh monopole antenna in [43].

The proposed photonic antenna in [45] was designed in the bandwidth 3.3 — 3.7 GHz with two
matching approaches. The first approach is when the photodiode has its matching network to 504,
and the antenna is designed to be well matched to 500, and then the photodiode with its matching
network is connected to the antenna. The second approach used antenna input impedance to achieve
complex conjugate matching with photodiode output impedance. The proposed photonic antenna in
[45] is shown in Figure 26. The output RF current from the photodiode is fed to a patch antenna using
a probe feed that goes through an air-filled cavity. The bottom face of the air-filled cavity includes a
slot element that divides the cavity into two coupled half-mode cavities, and excites the patch
antenna. Therefore, two modes are excited to widen the operating bandwidth.
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Figure 26. Photonic-integrated slot antenna in [45]. (a) The photonic integrated single-element slot antenna, (b)
Equivalent circuit for the single-element slot antenna, (c) The conjugate-matched single-element photonic
antenna, (d) Equivalent circuit of the conjugate-matched single-element antenna, and (e) Four elements of a

photonic antenna array and an image for the active array.
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The proposed photonic antenna design in [48] achieved the complex conjugate impedance
matching using the antenna geometry optimization. The proposed photonic antenna in [48] is shown
in Figure 27. The antenna is a short asymmetrical inductive dipole achieving a low cross-polarization
level, high radiation efficiency, a bandwidth from 25.5 to 31 GHz, and a frequency reconfigurability
feature when the photodiode reverse bias voltage is varied. Two parallel folded dipoles are used to
achieve an impedance transformation and a slowly-varying input impedance with respect to
frequency. The antenna theory of operation was explained using the Transmission-Line Mode (TLM)
and Radiating Mode (RM). As a result, the characteristic impedance of the Transmission-Line Mode
stub and the radius of an equivalent dipole for the proposed antenna can be obtained. Therefore, the
antenna input impedance is found considering that the antenna is composed of two parallel
monopoles with a lower truncated arm. It was found that the antenna input impedance incorporates
a step-up impedance ratio, the impedance of the parallel monopoles, and the coplanar short-circuited
stub impedance. Therefore, the real-part of the antenna input impedance was contributed using the
TLM, and the imaginary part was contributed using the RM.

H W, |
: - | |

Figure 27. Short asymmetrical inductive dipole antenna in [48].

The work in [46] also integrated an mmWave antenna at 100 GHz with two UTC photodiodes,
as shown in Figure 28. The RF signal is fed into the radiating antenna aperture using a coupling slot
to block the DC signal from flowing to the radiating antenna. It can be seen from Figure 28(b) that
the antenna radiating aperture is made of symmetrical modulated metasurface arrays, which are fed
using out of phase RF fields. The metasurface array comprises a capacitive impedance boundary
condition sinusoidally modulated along the field propagation direction. The inductive boundary
condition is also obtained by using an inductive grounded substrate. Therefore, transverse-magnetic
surface waves propagate and radiate because of the periodic modulation.
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Figure 28. (a) Top view of the proposed photonic modulated MTS array antenna in [46], and (b) Four modulated
MTS subarrays.

The photonic-integrated antenna at 100 GHz, as shown in Figure 29, was designed to achieve
beam steering [47]. It can be seen that the radiating structure is composed of two stacking patches on
a single-mode cavity to achieve a wide operating bandwidth. It can be seen that the RF signal
propagates through Substrate Integrated Waveguides (SIWs) to couple to the radiating structure
finally. The array grating lobes are reduced using eight elements along the antenna H-plane and two
elements along the E-plane. This proposed array is connected to a UTC photodiode, and the beam
steering is achieved using optical phase shifters.

Figure 29. Photonic-integrated subarray antenna in [47].

The photonic-integrated antenna array in [49] was designed to operate in the frequency range
from 75 to 86 GHz using a single-element Leaky-Wave antenna with beam steering occurring with
respect to the operating frequency. The proposed photonic Leaky-Wave antenna array is shown in
Figure 30, where it can be seen that two UTC photodiodes are used to feed the antenna array. The
single-element Leaky-Wave antenna comprises four periodic unit-cells connected in series to a
microstrip line and a patch element connected at the antenna end. The proposed unit-cell is also
presented in Figure 30. It comprises four half-wavelength open-circuited shunt stubs that introduce
high-impedance points along the microstrip line. Therefore, the high-impedance points perturb the
propagating electromagnetic waves, and signal reflections and losses occur. The single-element
Leaky-Wave antenna is optimized to minimize reflections and maximize radiations, and the
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remaining waves reach to the antenna end and radiate by the patch. This proposed Leaky-Wave
antenna array achieved a directivity of 19 dBi, and a frequency beam-scanning range of 22°.

30 mm
Feed Metwork Stubs Patch RF choke

Unit-cell

Grounded
Duroid 5880

2x1 UTC-PD array Radiating section DC Pad

Figure 30. LWA array in [49] and the unit-cell of the radiating section.

The proposed photonic two-element array in [50] used a travelling-wave antenna because of its
slowly-varying input impedance versus frequency. The proposed array is shown in Figure 31, where
it can be seen that it is composed of two array elements. The proposed antenna array provided a gain
of 15.5dBi in the operating bandwidths from 71 to 76 GHz and from 81 to 86 GHz.It was also
found that the radiated power from the array is — 6.7 dBm at 70 GHz.

Figure 31. Photonic-integrated antenna array proposed in [50].

The Bowtie antenna was used to achieve a photonic-integrated antenna at 2.5THz [51], a
photonic-integrated Connected Array antenna at 20 GHz [38], and a linear array at 50 GHz [54]. The
proposed photonic-integrated Connected Array antenna shown in Figure 32 [38] presented a
wideband of operation from 5 to 20 GHz thanks to using the single-element Bowtie antenna. The
four photodiodes are Charge-Compensated Modified UTC photodiodes with an output RF power of
23 dBm at 20 GHz for a single photodiode. Flip-chip bonding was used to connect the photodiode
to the used Aluminum Nitride (AIN) substrate to increase the photodiode peak RF power. In
addition, the coplanar strip output and the wire bonds were used to increase the photodiode’s
inductive load and improve the impedance matching. Tuning the thickness and dielectric constant of
the used AIN substrate improved the impedance matching between the antenna and photodiode. It
is worth noting that the small gap between adjacent Bowties works as a capacitive RF short between
the array columns. Therefore, a current sheet is achieved, which produces broadside radiation
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patterns. The proposed photonic Connected Array antenna was capable of steering the beam to
+40°, and the achieved radiated power from the antenna was more than 15 dBm up to 17 GHz.

Input SM
fibers

Figure 32. CA antenna in [38] with four single-mode fibers and lens connected to the active antenna elements.

Also, the coplanar-patch antennas at 60 GHz were connected to a photodiode [52-53]. It was
found in [53] that the photonic-integrated coplanar-patch, shown in Figure 33, achieved a gain of
4.5 dBi thanks to the inductive peaking matching technique and the used low-loss AIN substrate.
While the coplanar-patch antenna, with bandwidth from 56.8 to 66.1 GHz, in [52] achieved a gain
of 0dBi because of the used lossy Silicon substrate.

v

*

Figure 33. Photonic coplanar patch in [53].

4. Conclusions

The paper has reviewed the recent research on the design of High-Power and High-Speed SiPh
Ge-on-Si photodiodes for RoF 5G communications applications. It has been indicated that the HPHS
Ge-on-Si PDs are real candidates for the RoF-scheme 5G technology because these PDs have achieved
sufficient RF photogenerated powers at mmWave frequencies. The principle and structure for the
HPHS SiPh Ge-on-Si photodiodes have been introduced first, and then the equivalent circuit model
for the Ge-on-5i photodiode, such that it is possible to obtain the PD S-parameters and bandwidth,
has been presented. After that, the PD transit-time and RC-time bandwidths were presented, and the
impact of the linear PD array on the overall bandwidth was discussed. After that, the PD
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photocurrent behavior against the input optical power has been discussed. In addition, the RF
photogenerated current mathematics and the optical signal manipulation techniques to improve the
saturation current and bandwidth have been discussed. Lastly, the matching network design
techniques to match the PD with mmWave antennas have been introduced, and the recent photonic
mmWave antenna design has also been presented.
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