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Abstract: This paper reports a new design of a tunable optoelectronic full-adder using two 

photonic crystal ring resonators (PCRRs). Every PCRR consists of a matrix of silicon rods 

surrounded by silica rods covered with graphene nanoshells (GNSs). The proposed full-adder 

is formed by three input ports, two PCRRs, and two output ports for 'SUM' and 'CARRY'. The 

plane wave expansion technique is used to study the photonic band structure of the fundamental 

PC microstructure, and the finite-difference time-domain method is also employed in the final 

design for solving Maxwell's equations to analyze the light propagation inside the structure. 

We can tune the PhC resonant mode for our desired application by setting the chemical 

potential of GNSs with an appropriate gate voltage. The numerical results reveal that when the 

chemical potential of GNSs changes, the switching mechanism occurs and manages the 

coupling and propagation direction of the input beam inside the structure. We systematically 

study the effects of physical parameters on the transmission, reflection, and absorption spectra. 

Our numerical results also demonstrate that the maximum delay is about 0.8 ps. The 663 µm2 

area of the proposed full-adder based on two-dimensional materials makes it a building block 

of every photonic integrated circuit used for data processing systems. 
 

Keywords: Full-adder, graphene nanoshell, photonic crystal, chemical potential, gate voltage, 

plane wave expansion method, finite-difference time-domain method. 

 

1. Introduction 

Optoelectronics is the use of electronic devices to detect and control light as desired [1]. It is 

usually considered a subset of photonics or electronics and has applications in the electrical-

to-optical and optical-to-electrical converters [2]. High-speed signal processing is very 

important for optical systems and networks, and optical communication technology introduces 

all-optical structures for this purpose. All-optical logic gates and combinational circuits are the 

basic building blocks for optical signal processing systems [3–6]. An optical full-adder as a 

computational operator must exist in every basic calculator [7–12]. Every full-adder consists 

of three input ports and two output ports. Therefore, the three binary numbers are added 

together, and the two binary numbers are obtained on the output side called 'SUM' and 

'CARRY' [13]. One of the most challenging issues for optical designers is choosing a compact 

structure to confine the electromagnetic wave and transmit it to the desired output. Compared 

to solid-state crystals, photonic crystals (PhCs) become a powerful platform for the 

development of optical devices due to their photonic band gap (PBG), which leads to the 

emission of the optical beam through the desired waveguide [14]. Researchers have proposed 

various materials to integrate photonic circuits such as InP, GaAs, silicon on silicon dioxide 
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(SiO2) as an insulator [15–17]. SiO2 has negligible loss and low thermal sensitivity in the near-

infrared wavelength range [18–20]. Photonic crystal ring resonators (PCRR) are well-known 

structures because they have excellent characteristics in realizing various compact optical 

devices [21–25]. Resonant modes of a PCRR depends on several physical parameters such as 

rod radius, lattice constant, and rods' refractive index [26–31]. In recent reports, researchers 

have shown that a PCRR can be used as an optical filter, and blueshift or redshift may occur in 

the resonant mod by changing any of these parameters [13,23]. So far, many PhC-based devices 

such as optical filters [32–35], logic gates [36–38], encoders [39–41], comparators [42,43], 

adders and subtractors [44–46], and switches [47–49] have been designed and investigated 

using PCRRs. Novel functionality of PCRR is proposed using nonlinear dielectric rods in the 

ring resonator [50,51]. This type of resonator can be used for filtering and switching 

applications. Recently all-optical half-adders and full-adders were designed using linear and 

nonlinear PhC structures [11,52,53]. The main drawback of all the proposed adders is their 

tunability. In other words, most of the proposed adders have PCRRs made of nonlinear rods, 

and the nonlinear phenomenon governing light propagation inside the PCRR is based on the 

optical Kerr effect. Thus, the intensity of the incoming light must be higher than a threshold 

value for this effect to appear. If this intensity exceeds a maximum value, it will damage the 

optical device [54]. Serajmohammadi et al. [55] used waveguides and ring resonators (RRs) 

inside the 2D hexagonal lattice of the PhC structure to realize an optical half-adder. The 

proposed structure works according to constructive and destructive interferences of optical 

waves. The 180-degree phase difference in inputs leads to destructive interference. For this 

purpose, different lengths of input waveguides in the XOR gate have been chosen. Their 

proposed structure has a delay time of 4 ps and a footprint of 1056 μm2. Neisy et al. [53] 

proposed another optical half-adder consisting of two nonlinear resonant cavities (RCs). These 

RCs have different resonant modes due to the physical dimensions; therefore, their coupling 

operations depend on the power intensity. The proposed half-adder has a very short time 

response of 3ps. The main drawback of all studies is that half-adders are not tunable. Although 

few proposed logic gates are tunable based on the applied intensity, this tunability is limited to 

a special range of optical wavelengths. An ultrafast all-optical half-adder with a total footprint 

of 249.75 μm2 was proposed by Hosseinzadeh Sani et al. [12]. Their structure contained two 

power regulators, two nonlinear ring resonators, and several waveguides. They used nonlinear 

rods in resonators; thus, the effective refractive index of the resonator changes as the intensity 

of incoming light changes. The desired resonance wavelength was tuned by adjusting the linear 

and nonlinear rods' radii. Their simulation results revealed that the delay time of their designed 

half-adder is about 3.6 ps. We designed a high-speed optical half-adder using PhC in an area 

of 158 µm2 [56]. One of our structure's advantages compared to similar studies was the non-

use of high nonlinear dielectric rods. This resulted in no need to increase the input power to 

divert the incoming light emission to the desired output. The calculations demonstrated that the 

proposed half-adder has a steady-state time of 0.8 ps due to its small area. Simulations revealed 

that the minimum transmission of logic 1 and the maximum transmission of logic 0 are 4% and 

75%, respectively. However, the maximum transmission of 75% for logic 1 is not an ideal 

value. This is the first time, to our knowledge, we present a full-adder to overcome challenges 

mentioned above by designing a novel tunable structure capable of generating standard binary 

codes from an analog input.  For this purpose, we employed a graphene nanoshell (GNS) in 



PCRRs used in our structure. It is due to graphene's key characteristics, such as fast optical 

response, broadband window, high carrier mobility, excellent band structure, and unique 

mechanical strength and flexibility [1,57,58].  The rest of This paper is organized as follows. 

The full-adder's physical structure and the numerical results achieved by the plane wave 

expansion (PWE) method are presented in Section 2.  Section 3 describes the light propagation 

inside the full-adder using the numerical finite-difference time-domain (FDTD) method and its 

functionality will be discussed, and the paper is closed by the conclusion in Section 4. 

 

2. Design, model, and methods  

2.1 Mathematical background 
Graphene has electro-optic tunability, mechanical flexibility, high optical transmission 

efficiency, zero-band-gap (ZBG), and existing free electrons under zero doping conditions. All 

mentioned features result in this 2D material becoming a suitable material for fabricating highly 

tunable optoelectronic and plasmonic devices. In the range from infrared to terahertz, graphene 

supports a strong plasmonic response, which significantly increases light and graphene 

interaction. From the ultraviolet (UV) to near-infrared (NIR) wavelength range, monolayer 

graphene can only absorb a very small fraction of light due to the lack of plasmonic response 

in this region. It is about ~2.3% for the visible to NIR range and ~9% for the UV range [59]. 

According to the graphene sheet electron flexibility, the generation of certain Fermi energy 

band levels (Ef) can be obtained in the graphene layer by several methods such as adding 

substrate and biasing the gate voltage between the substrate and graphene layer. These methods 

permit us to modify the optical properties of graphene and the operating parameters of 

graphene-based optoelectronic devices, such as the central resonance wavelength and quality 

factor. The graphene sheet's optoelectronic features make it a popular candidate for designing 

integrated optoelectronic devices. In practice, research groups proposed integrating graphene 

on insulator substrates such as Si and SiO2. In this work, the GNS with the thickness of d is 

deposited around the silica rod on the SiO2 substrate. Charge carrier density (𝑛c) of a GNS on 

SiO2 substrate can be tuned by applying the gate voltage (Vg) between the substrate and GNS. 

The charge carrier density is computed as the following equation [60,61] 

        g 0 r
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where ε0 and ε  are the air permittivity and substrate's relative permittivity, respectively. e and 

h are the electron charge and the substrate height. In Eq.1, the amount of ε0εr/eh is equal to 

C, which is called the gate capacitance. The GNS chemical potential (µ c) is calculated as 

follows [62,63]: 

f c f=  ћv   πn  ћv   πV Cgc                                             (2) 

where, ћ is the reduced Plank's constant and vf is the Fermi velocity. The resonance wavelength 

of the GNS, λ0, can be derived from the quasi-static analysis method as [64]: 



 

Fig. 1. The band structure diagram of fundamental PhC in TM mode. 
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where εeff is the effective permittivity of the medium surrounding the GNS that is 

 
2eff SiO 0ε ε ε / 2   , and 𝑑  is the thickness of GNS [65]. The dimensionless constant ζ = 3.1 is 

a fitting parameter. The conductivity of a GNS (δ) at T=3000k for infrared to THz frequencies 

is  approximated using Drude-like expression as follows[35,66] 
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where τ and ω are the electron relaxation time and the angular frequency, respectively. Also, 

when the number of GNS layer (N) is more than one, the conductivity for N-layer GNS will be 

Nδ. Recently, published papers showed that the finite-difference time-domain (FDTD) method 

is a comprehensive technique to study the propagation of electromagnetic waves inside 

compact optical devices such as PhC-based structures. This method solves Maxwell's equation 

in a tiny volume of the intended PhC device [67,68]. In this study, the plane wave expansion 

(PWE) method calculates the PBG region. The FDTD method is also used to solve Maxwell's 

equation and study the waveguide's light propagation. The following equation gives the optical 

absorption of graphene [69] 
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where c is the speed of light and in free space, V is the graphene volume, and El is the local 

electric field. According to Eq. (5), the light absorption is proportional to the square of local 

electric field intensity. The UV absorption in graphene is significantly increased at λ = 273 nm 
due to the large increase in the electric field. 



 
Fig. 2.  Illustration of (a) the typical full-adder circuit formed by two half-adders and an OR logic gate, 

three input ports of A, B, and Z, and two output ports of SUM and CARRY, (b) the truth table of full-

adder for all states. 

 

2.2 Optoelectronic full-adder 

The fundamental 2D PhC used in this study has a square lattice of dielectric rods. The rod 

radius is 118 nm, and the refractive index of silicon rods is assumed to be 3.46. The plane wave 

expansion (PWE) method has been employed to calculate the photonic band structure. Figure 

1 shows the fundamental PhC has two PBG regions in TM mode where the first one is at 0.29 

<a∕λ< 0. 0.41. In this study, the lattice constant is assumed to be a=590 nm; therefore, an optical 

beam with a wavelength of 1439 nm <λ< 2034 nm cannot propagate in any PhC direction. By 

removing several dielectric rods in the fundamental PhC structure, a waveguide can be created. 

Accordingly, the wavelengths in the PBG region can be propagated in this waveguide. Figure 

2(a) shows a typical full-adder consisting of three input ports (labeled as X, Y, and Z) and two 

output ports, called SUM and CARRY. As seen, a full-adder is made by combining two half-

adders and one OR logic gate. Every half-adder consists of two input ports and two output ports 

of S and C used for SUM and CARRY, respectively. X and Y are the input ports of the first 

half-adder, and S and Z are the input ports of the second half-adder. The first half-adder output 

port, S, has been connected to the first input port of the second half-adder. C ports of optical 

half-adders are the inputs of the OR logic gate, and its output is the CARRY of the final full-

adder and S output port of the second half-adder is the SUM port of the proposed full-adder. 

Besides, A, B, and Z are the three input ports of the full-adder. Figure 2(b) represents the truth 

table of a typical full-adder. As shown in the figure, when three inputs are inactive  (logic 0 is 

used for OFF state), i.e., no signal is applied to them, or the amplitude of the input signals is 

less than a threshold value, then both output ports turn OFF. If only one input port is turned 

ON (logic 1 is used for ON mode), SUM is activated, and CARRY turns OFF.  If only two 

input ports are active, SUM turns OFF, and CARRY turns ON, and when all input ports are 

active, SUM and CARRY turn ON. For the GNS-based PCRR design, we replace several 

silicon dielectric rods with silica rods in the outer ring of the resonator. The rods radius (r) and 

linear refractive index of silica are 108 nm and 1.4, respectively. Moreover, the SiO2 defect 

rods are surrounded by the GNSs with a thickness of 10 nm.  



 
Fig. 3. The schematic view of GNS-based PhC ring resonator and corresponding waveguides. 

Figure 3 demonstrates the proposed PCRR, where GNS material and silica defect rods are 

shown in dark red and blue colors, respectively. As seen, the proposed PCRR consists of one 

input port, and two output ports called A and D. 

An optical beam centered at 1550nm with an amplitude of 1V/m is launched into the input 

waveguide and dropped to the PCRR. The signal output of the PCRR depends on the value of 

GNS chemical potential (µc). The time-domain light propagation inside the PCRR for two 

different values of µc are shown in Figs. 4(a), and 4(b). As shown in Fig. 4(b), when the µc set 

to 0.5ev, the optical beam enters the resonator and is guided to the output port of D, and the 

measured power is more than 80%.  

 

 
Fig. 4. Light propagation inside the GNS base PhCRR for different values of µc (a) µc =0.5ev and (b) 

µc=0.3ev. 



when the µc set to 0.3ev, the optical beam doesn’t enter the resonator and exits the output port 
A with an optical power of 80%. As shown in Fig. 5, the proposed full-adder consists of eight 

waveguides and two GNS-based ring resonators in appropriate locations within the initial PhC 

structure. The W1, W2, W3, and W6 waveguides and the R1 resonator with a chemical 

potential of μc1 form the first half-adder. The S and C ports of the first half-adder are placed at 

the right side of W3 and W6. Also, the waveguides W4, W5, and W7 and resonator R2 with a 

chemical potential of μc2 form the second half-adder. The S and C ports of the second half-

adder are to the right of the W5 and W7 waveguides. W6, W7, and W8 form the OR gate, and 

W8 is used as the CARRY port of the proposed full-adder. Also, the right side of the W5 works 

as the SUM output port, and X, Y, and Z are defined as the input ports of the proposed full-

adder. For more clarity, the three-dimensional view of the proposed full-adder is shown in Fig. 

5 (b) where the SiO2 plate shown in gray is the substrate with a thickness of h= 2 µm.  Gate 

voltages of V1 and V2 are applied to the first and second GNS-based PCRRs, respectively, to 

tune the output states of the proposed full-adder by changing the values of µc in both ring 

resonators.  

 

 

 

Fig. 5. Illustration of the proposed full-adder, (a) top view of XY plane, and (b) the perspective view. 
 

 

3. Simulation and Results 

Using the FDTD method, we analyze and simulate the light propagation inside the proposed 

full-adder consisting of three input ports of X, Y, and Z. Therefore, according to the 

computational principle, we have 23 (2N, N is the number of input ports) different input states 

and an optical signal centered at 1550nm with an amplitude of 1V/m is launched into every 

active input port. The simulation results are discussed as follows for all eight states of input 

ports.  

Case #1: When all the input ports X, Y, and Z are inactive, meaning that the signal strength 

applied to them is negligible, no light beam enters the structure. Therefore, there is no optical 

signal in the full-adder, and both output ports are OFF. It means that the amounts of SUM and 

CARRY are assumed to be zero. 

 

Case #2: When X=1, Y=0, and Z=0, we set the µc1 to 0.3ev by biasing the V1. Therefore, 

electromagnetic waves coming from input port X travel close to R1 through W1 and W3. Since 



the µc1 is less than 0.5ev, the optical signal will be guided into W5 using W3 and reached R2., 

The optical beam doesn't drop into R2 and travels toward the SUM port because we set the µc2 

to 0.3ev by biasing the V2. Therefore, the output port corresponding to SUM will be active 

(SUM =1), and the output port corresponding to CARRY remains inactive (CARRY=0). Figure 

6(a) demonstrates the light propagation inside the proposed full-adder, and Fig. 6(b) shows that 

the output powers at SUM and CARRY output ports are about 75% and 5% of the input power, 

respectively, which is called the normalized power. Also, the time delay is about 0.8 ps. It is 

the time that the device needs to reach a steady state. 

 
Fig. 6. Illustration of (a) Light emission distribution and (b) normalized powers of the proposed 

optoelectronic full-adder using GNS-based PCRRs for Case #2. 
 

Case #3: When X=0, Y=1, and Z=0, we set the µc1 to 0.3ev by biasing the V1. Figure 7(a) 

demonstrates that the electromagnetic waves coming from input port Y travel close to R1 

through W2 and W3. Since the µc1 is less than 0.5ev, the optical signal will be guided into W5 

using W3 and reached R2. Similar to Case #2, the optical beam doesn't drop into resonator R2 

and travels toward the SUM port because we set the µc2 to 0.3ev by biasing the V2. Therefore, 

we will have SUM=1 and CARRY=0. Figure 7(b) illustrates that the normalized powers at 

SUM and CARRY are more than 75% and less than 5%, respectively. Also, the time delay is 

about 0.8 ps. 

 
Fig. 7. Illustration of (a) Light emission distribution and (b) normalized powers of the proposed 

optoelectronic full-adder using GNS-based PCRRs for Case #3. 



 

Case #4: When X=0, Y=0, and Z=1, we set the µc2 to 0.3ev by biasing the V2. Therefore, 

electromagnetic waves coming from input port Z travel close to R2 through W4 and W5. The 

optical beam doesn't drop into R2 and travels toward the SUM port because we set the µc2 to 

0.3ev by biasing the V2. Therefore, the SUM will be active (SUM =1), and CARRY remains 

inactive (CARRY=0). Figure 8(a) demonstrates the light propagation inside the proposed full-

adder, and Fig. 8(b) shows that the normalized output powers of SUM and CARRY are more 

than 80% and less than 2%, respectively. Also, the time delay is about 0.8 ps. 

 
Fig. 8. Illustration of (a) Light emission distribution and (b) normalized powers of the proposed 

optoelectronic full-adder using GNS-based PCRRs for Case #4. 

 

Case #5: When X=1, Y=0, and Z=1, we set the µc1 to 0.3ev by biasing the V1. As shown in 

Fig. 9(a), the electromagnetic waves coming from input port X travel close to R1 through W1 

and W3. Since µc1 is less than 0.5ev, the optical signal doesn't drop into R1 and emits toward 

W5 using W3 and reaches R2. Also, electromagnetic waves coming from input port Z travels 

close to R2 through W4 and W5. By biasing V2, we set the µc2 to 0.5ev; thus, the optical beam 

drops into R2 and guides toward the W7 port and reaches to OR gate. In this case, we have 

SUM=0 and CARRY=1. Figure 9(b) shows that the normalized powers at SUM and CARRY 

are less than 3% and less than 140%, respectively. Also, the time delay is about 0.8 ps. 

 
Fig. 9. Illustration of (a) Light emission distribution and (b) normalized powers of the proposed 

optoelectronic full-adder using GNS-based PCRRs for Case #5. 



 

Case #6: When X=0, Y=1, and Z=1, we set the µc1 to 0.3ev by biasing the V1. As seen in Fig. 

10(a), the electromagnetic waves coming from input port Y travels close to R1 through W2 

and W3. Since µc1 is less than 0.5ev, the optical signal doesn't drop into R1 and will be 

propagated to W5 using W3 and reaches R2. Also, electromagnetic waves coming from input 

port Z travels close to R2 through W4 and W5. In this condition, by biasing the V2, we set the 

µc2 to 0.5ev, the optical beam drops into R2 and guides toward the W7 port, and reaches to OR 

gate. Thus, we have SUM=0 and CARRY=1. Figure 10(b) shows that the normalized powers 

at SUM and CARRY are less than 3% and more than 140%, respectively. Also, the time delay 

is about 0.8 ps. 

 
Fig. 10. Illustration of (a) Light emission distribution and (b) normalized powers of the proposed 

optoelectronic full-adder using GNS-based PCRRs for Case #6. 

 

Case #7: When X=1, Y=1, and Z=0, we set the µc1 to 0.5ev by biasing the V1. Therefore, 

electromagnetic waves coming from input port X travel close to R1 through W1 and W3. Also, 

electromagnetic waves coming from input port Y travels close to R1 through W2 and W3. 

Consequently, the optical signal drops into R1 and will be guided into W6 and reaches the OR 

gate. Thus, we have SUM=0 and CARRY=1.  

 
Fig. 11. Illustration of (a) Light emission distribution and (b) normalized powers of the proposed 

optoelectronic full-adder using GNS-based PCRRs Case #7. 



Figure 11(a) shows The distribution of light propagation inside the proposed structure, and Fig. 

11 (b) shows that the normalized powers at SUM and CARRY are less than 1% and more than 

130%, respectively. Also, the time delay is about 0.8 ps. 

 

Case #8: When X=1, Y=1, and Z=1, we set the µc1 to 0.5ev by biasing the V1. Therefore, 

electromagnetic waves coming from input port X travel close to R1 through W1 and W3. Also, 

electromagnetic waves coming from input port Y travels close to R1 through W2 and W3. 

Consequently, the optical signal drops into R1 and will be guided into W6 and reaches the OR 

gate. Furthermore, optical beams coming from input port Z travels close to R2 through W4 and 

W5. Biasing the V1, we set the µc1 to 0.5ev; thus, the optical beam coming from port Z doesn't 

drop into R2 and travels toward the SUM port. In this case, we have SUM=1 and CARRY=1. 

The proposed full adder's light propagation is demonstrated in Fig. 12(a). The normalized 

powers at SUM and CARRY are more than 75% and 120%, respectively (See Fig. 12(b)). Also, 

time delays are approximately 0.8 ps for both CARRY and SUM.  

All eight input states and corresponding outputs are summarized in Table 1. It shows that the 

proposed structure is working as a full-adder. 

 

 
Fig. 12. Illustration of (a) Light emission distribution and (b) normalized powers of the proposed 

optoelectronic full-adder using GNS-based PCRRs for Case #8. 

 

Table 1: The proposed full adder's outputs for different input states. 

 

4. Conclusion 

In summary, we designed an ultra-fast tunable optoelectronic full-adder based on photonic 

crystal ring resonators covered by graphene nanoshells. The presented structure consisted of 

Case 

 

Input Normalized Outputs (%) Logic Levels 

X        Y        Z   SUM              CARRY SUM              CARRY 

#1 

#2 

#3 

#4 

#5 

#6 

#7 

#8 

0       0       0 

1       0       0 

0       1       0 

0       0       1 

1       0       1 

0       1       1 

1       1       0 

1       1       1 

0                     0 

75                    7 

75                    7 

80                    2 

            3                    140 

            3                    140 

            1                    130 

           75                   120 

0                        0 

1                        0 

1                        0 

1                        0 

0                        1 

0                        1 

0                        1 

1                        1 



eight waveguides, two GNS-based ring resonators, three input ports, and two output ports. 

Eight different states for three input ports were simulated and discussed. The numerical results 

revealed that the proposed structure can be tuned by changing the chemical potential of GNS 

material in every ring resonator. The proposed structure can be used as an optoelectronic full-

adder with a maximum delay of about 0.8ps. Thus, it is an appropriate device for high-speed 

data processing systems. 
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Figures

Figure 1

The band structure diagram of fundamental PhC in TM mode.



Figure 2

Illustration of (a) the typical full-adder circuit formed by two half-adders and an OR logic gate, three input
ports of A, B, and Z, and two output ports of SUM and CARRY, (b) the truth table of full-adder for all
states.

Figure 3

The schematic view of GNS-based PhC ring resonator and corresponding waveguides.



Figure 4

Light propagation inside the GNS base PhCRR for different values of µc (a) µc =0.5ev and (b) µc=0.3ev.

Figure 5



Illustration of the proposed full-adder, (a) top view of XY plane, and (b) the perspective view.

Figure 6

Illustration of (a) Light emission distribution and (b) normalized powers of the proposed optoelectronic
full-adder using GNS-based PCRRs for Case #2.

Figure 7

Illustration of (a) Light emission distribution and (b) normalized powers of the proposed optoelectronic
full-adder using GNS-based PCRRs for Case #3.



Figure 8

Illustration of (a) Light emission distribution and (b) normalized powers of the proposed optoelectronic
full-adder using GNS-based PCRRs for Case #4.

Figure 9

Illustration of (a) Light emission distribution and (b) normalized powers of the proposed optoelectronic
full-adder using GNS-based PCRRs for Case #5.



Figure 10

Illustration of (a) Light emission distribution and (b) normalized powers of the proposed optoelectronic
full-adder using GNS-based PCRRs for Case #6.

Figure 11

Illustration of (a) Light emission distribution and (b) normalized powers of the proposed optoelectronic
full-adder using GNS-based PCRRs Case #7.



Figure 12

Illustration of (a) Light emission distribution and (b) normalized powers of the proposed optoelectronic
full-adder using GNS-based PCRRs for Case #8.


