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Abstract— In this paper, we consider chip-to-chip communica-
tion such as processor to memory link where the motherboard
is placed in a casing similar to a desktop or a laptop. At THz
frequencies, the dimensions of the casing are large enough that
signal may reflect from the objects inside the box and the sides
of the box creating resonant cavity effect. To model propagation
in such an environment, we model casing as overmoded cavity
and consider other objects in the casing as conductive objects.
We propose a geometry-based statistical propagation model that
describes chip-to-chip propagation in metal enclosures filled with
conductive objects. Based on the geometrical model, a simulation
model for multipath fading in this cavity is developed and
correlation function is derived. The simulation results show that
multiple reflections created in the resonant cavity significantly
impact correlation function and power delay profile and need
careful consideration when modeling chip-to-chip propagation
in metal enclosures.

I. INTRODUCTION

Data communication between computer components, such

as processor and memory within a computer system, currently

relies on metal wires [1]- [3]. The future demand for pins

that connect processor and memory as the number of cores

in the processor increases will make packaging challenging

because the number of pins that a small chip package can

have is limited, Additionally, sophisticated connections can

make component insertion (e.g. during assembly) and removal

(e.g. to replace a failed component) more time-consuming and

costly [4]- [6].

Wireless communication can alleviate such serviceability

and packaging constraints [7]- [11]. Integration of wireless

transceivers and antennas into the chip package would provide

communication bandwidth without adding pins to the chip

package. A key challenge for wireless communication is that

the required data rates in existing systems are already in the

hundreds of gigabits per second. For example, within a server

computer system, data rates already exceed 500 Gbits/s, e.g.

since late 2014 the Intel Core i7 Extreme processors [12] and

most Intel Xeon E5 v3 processors [13] can communicate with

the systems main memory using four DDR4-2133 channels,

with a total throughput of 533 Gbits/s, and this is expected

to soon increase to 800 Gbits/s when DRR4-3200 support is

introduced.

Achieving such per-link data rates is unlikely to be feasible

for wireless communication at mm-Wave frequencies. As an
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example, WiGig [14] uses 60 GHz frequency range to provide

up to 7 Gbits/s using OFDM, 64-QAM, and sophisticated

coding, and 4.7 Gbits/s WiGig devices are already available

[15]. Even with 7 Gbits/s per channel, more than 75 such

channels need to be combined to match the existing processor-

memory data rates (533 Gb/s). With each antenna several

millimeters in size, such a 75-channel link is unlikely to be

feasible for integration into a chip package that is typically less

than 3 centimeters on each side. On the other hand, terahertz

(THz) wireless communication has two key advantages that

can be combined to achieve the required data rates. First, the

usable frequency band around each frequency is much larger,

so each channel can have a much higher data rate. Second,

the antenna size at THz frequencies allows for large number

of antennas packed in a small operating space.

To enable chip-to-chip THz wireless communications, it is

imperative to understand propagation mechanisms that govern

communication in the unique propagation environment of a

computer system (motherboard) at these high frequencies and

to develop models to characterize such an environment. First

measurements efforts to characterize THz chip-to-chip envi-

ronment have been reported in [16]- [19], and first modelling

efforts to characterize reflections from printed circuit board

surfaces have been reported in [20].

In this paper, we consider chip-to-chip communication

such as processor to memory link where the motherboard is

placed in a casing similar to a desktop or a laptop. At THz

frequencies, the dimensions of the casing are large enough

that signal may reflect from the objects inside the box and

the sides of the box creating resonant cavity effect. To model

propagation in such an environment, we model casing as

overmoded cavity and consider other objects in the casing as

conductive objects. We propose a geometry-based statistical

propagation model that describes chip-to-chip propagation in

metal enclosures filled with conductive objects. Based on the

geometrical model, a simulation model for multipath fading

in this cavity is developed and correlation function is derived.

The simulation results show that multiple reflections created

in the resonant cavity significantly impact correlation function

and power delay profile and need careful consideration when

modeling chip-to-chip propagation in metal enclosures.

The remainder of the paper is organized as follows. Sec-

tion II introduces the geometry-based statistical model and

presents a parametric model for the overmoded cavity loaded

with conductive objects. Section III describes over-moded cav-

ity characterization and derives space-time correlation func-
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where ξm, ξn, τm, and τn denote the amplitudes and time

delays of the multipath components, respectively. The ampli-

tudes of the multipath components, ξm and ξn, are defined
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respectively, where Pt is the transmit power, K is the Rice

factor (ratio of LoS to scatter received power), γ is the path

loss exponent, d(·, ·) denotes distance between two points, and

Ω = D−γ/2
√
Ptλ/4π. Finally, the time delays τm and τn are

defined as the travel times of the waves scattered from the

scatterers St and Sr, i.e.,

τm =
D +∆R(1− cosαm

T )

c0
(9)

τn =
D +∆R(1 + cosαn

R)

c0
, (10)

where c0 is the speed of light.

The overmoded-multi-bounced component of the input

delay-spread function is
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where ξm,n,p and τm,n,p are the amplitude and time delay

of the overmoded-multibounced component, respectively. The

amplitude of the overmoded multipath component, ξm,n,p, is

defined as [23]
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The amplitude of the electric field E0 can be obtained in terms

of cavity parameters, i.e.,

E0 =

√

QPt

ωε0V
, (13)

where Pt is the power transmitted into the cavity, Q ≈ f/∆fm
is the quality factor, V is the volume of the cavity, ω is

the angular frequency of the transmitted signal, and ε0 is

the permittivity of free space. The distance Ri,m,n,p can be

calculated from cavity geometry and positions of the Tx and

Rx as follows:

Ri,m,n,p =
√

(x2
i + 2ma)2 + (y2i + 2nb)2 + (z2i + 2pd)2, (14)

where spatial coordinates xi, yi, and zi are obtained as follows:

xi=

{

xT − xR, i = 1, 2, 3, 8
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, (15)

yi=

{

yT − yR, i = 1, 2, 5, 6
yT + yR, i = 3, 4, 7, 8
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{
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, (17)

and vectors (xT ,yT ,zT ) and (xR,yR,zR) denote the coordinates

of the Tx and the Rx, respectively. Finally, the time delay

τm,n,p is defined as the travel time of the wave impinged on

the scatterer St, bounced several times around the box, and

scattered from the scatterer Sr, i.e.,

τm,l,n,k =
∆R

c0
cos(αm,n,p) +

∆R

c0
cos(βm,n,p). (18)

The parameters ηT , ηR, and ηMB in (5), (6), and (11), respec-

tively, specify how much the single- and multiple-bounced

rays contribute in the total power Pt, i.e., these parameters

satisfy ηT + ηR + ηMB = 1. It is assumed that the angles of

departures (αm
T , αn

T , αm,n,p) and the angles of arrivals (βn
R,

βm
R , βm,n,p) are random variables. Finally, it is assumed that

the phases φm, φn, and φm,n,p are random variables uniformly

distributed on the interval [−π, π) and independent from the

angles of departure and the angles of arrival.

The LoS component of the input delay-spread function is

hLoS(τ) =

√

K

K + 1
ξLoSδ(τ − τLoS), (19)

where the LoS amplitude is ξLoS ≈ Ω and the LoS time delay

is τLoS = D/c0.

To simplify further analysis, we will use the transfer func-

tion instead of the input delay-spread function. The transfer

function is the Fourier transform of the input delay-spread

function [24] and can be written as

T (f) = Fτ {h(τ)} =

TSBT (f) + TSBR(f) + TMB(f) + TLoS(f),(20)

where TSBT (f) is the single-bounced transmit, TSBR(f) is

the single-bounced receive, TMB(f) is the double-bounced,

and TLoS(f) is the LoS component of the transfer function
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III. CORRELATION FUNCTION OF WIRELESS CHANNEL

FOR CHIP-TO-CHIP COMMUNICATIONS IN METAL

ENCLOSURES

The normalized correlation function (CF) between two

transfer functions defined in (20), i.e., T (f) and T (f +∆f),
is defined as

R(∆f) =
E [T (f)∗T (f +∆f)]
√

Var[T (f)]Var[T (f)]
, (25)

where ( · )∗ denotes complex conjugate operation, E[ · ] is the

statistical expectation operator, and Var[ · ] is the statistical

variance operator. Since TSBT (f), TSBR(f), and TMB(f)
are independent complex Gaussian random processes with zero

means, (25) can be simplified to

R(∆f) = RSBT (∆f) +RSBR(∆f)

+ RMB(∆f) +RLoS(∆f), (26)

where RSBT (∆f), RSBR(∆f), RMB(∆f), and RLoS(∆f)
denote the normalized CFs of the single-bounced transmit,

single-bounced receive, double-bounced, and LoS compo-

nents, respectively, and are defined as
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Substituting (21) into (27) and (22) into (28), respectively,

and averaging over angles of arrival and departure, the CFs of

SBT and SBR components can be obtained as
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where J0(·) is the zeroth-order Bessel function of the first

kind.

Substituting (23) into (29), and averaging over angles of

departure and arrival, the CF function of overmoded-multi-

bounced rays can be written as
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1
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where J0(·) is the zeroth-order Bessel function of the first

kind. The derivations of these expressions are omitted for

brevity.

IV. SIMULATION RESULTS

In this section, we analyze simulation results for power

delay profile (PDP) and correlation function. Since any change

in the volume of the cavity will change the excited mode dis-

tribution, a set of simulations examining the effect of placing

random scattering objects inside the cavity is performed.

The inside dimensions of a cavity are a = 21 cm,

b = 33 cm, and d = 1 cm, at 300 GHz. The cavity

dimensions correspond to typical dimensions of a laptop. The

transmit power is assumed to be 1 W to simplify calcula-

tions. The transmitter antenna is placed at (xT , yT , zT ) =
(a/2, b/3, 0.001 cm), while a receiver antenna is placed at

(xR, yR, zR) = (a/2, 2b/3, 0.001 cm). These locations cor-

respond to middle of the casing. Using Eq. 1, the number of

modes is calculated to be Ns = 5, 805, 663, and the frequency

deviation is found to be ∆f ≈ ±17.22 kHz. These results

verify that this is indeed overmoded cavity.

In simulations, the total number of modes Ns is approxi-

mately equally distributed over all three coordinates, i.e., m
= 180, n = 180, and p = 180. The number of scatterers

around the transmitter and the receiver are Nt = 1803/2
and Nr = 1803/2, respectively. In all simulations we assume

that Ricean factor is K = 1 and that single-bounced and

multi-bounced rays contribute equal amount of energy, i.e.

ηT = ηR = ηMB = 1/3.

Figure 2 shows the power delay profile of chip-to-chip

channel in metal enclosure. First we can observe that the line

of sight component arrives first attenuated by approximately

65 dB. This attenuation corresponds to Friis formula in free-

space and is an expected loss. Furthermore, we can observe

that multipath components take a long time to reduce its

contributions to overall power. This is an expected effect of

multiple reflections in the metal enclosure.

Figure 3 plots the correlation functions of single-bounced,

multi-bounced, and combined single- and multi-bounced rays.

The results show that single-reflected rays stay correlated the

longest while multi-reflected rays de-correlate faster. We can

also observe that signals get de-correlated after about 10 kHz,

which is close to the frequency deviation in the overmoded

cavity. This is not surprising result because two modes travel

significantly different paths and tend to be uncorrelated. The

frequency is somewhat lower than deviation frequency because

of the single-bounced rays present in the enclosure.




