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ABSTRACT

There are hundreds, sometimes even thousands, of servers working simultaneously
inside a data center. Their radiation can be a problem and cause EMI issues. However, it
is not feasible to perform full-wave simulation of these racks because of the large electric
size of the model. In this thesis, an algorithm is proposed to predict the emission form rack
array. The equivalent dipole source is extracted from EMI measurement data of a single
rack and used as the radiation source in the multiple rack model. The coupling between
racks cannot be ignored, but through the simulation, it is also found that only those located
near the radiation source will have a significant impact on the final result. In this way, the
contribution of each rack to the final electromagnetic field distribution can be calculated
using a model with only a few racks included. In order to accelerate the simulation further,
racks in the array are divided into several groups. Racks in the same group are located
at similar positions in the array, and their contribution can be calculated using one model.
After the simulation is done, the emissions from each single rack are added together to get
the final prediction result. Each step of the simplification is validated by measurement and

simulation, and the final predicted result agrees with the measurement result.
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SECTION

1. INTRODUCTION

With the development of the high-tech industry, data centers housing huge com-
puter systems have been constructed to meet the demand for fast internet connectivity and
numerical calculations. Usually, there will be hundreds or even thousands of server racks
working simultaneously in a data center. Electromagnetic interference (EMI) caused by
power equipment and radio signals can interfere with the nearby antenna severely [1, 2].
Traditionally, sever systems are tested in an EMI chamber or Open Area Testing Site (OTAS)
for EMI compliance with a typical configuration [3]. In these measurements, the maximum
number of racks under testing is limited by the space of the EMI chamber or OATS. Thus,
it is highly desirable to predict the electromagnetic emissions from the entire system based
on the available measurement results.

There are two factors that need to be considered when estimating the overall radiation
from a site with many racks of server equipment. One is the radiation source, and another
is the coupling and scattering between racks. There are many different methods proposed
to include these two factors in the simulation.

Since the noise source inside the racks is too complicated to measure [4, 5, 6] and
model, the emission pattern of one rack can be measured and replaced with some equivalent
sources in the simulation. There are several different methodologies to reconstruct the
radiation source. Many works use the current distribution on Huygen’s surfaces around the
radiation source to quantify the emission from the real source [7, 8, 9]. The equivalent
electric current Jg or magnetic current M, are distributed on the Huygen’s box warping up

the rack and with the corresponding perfect magnetic conductor (PMC) or perfect electric



conductor (PEC) boundary conditions. The drawback of this method is that it requires
obtaining the electric or magnetic field on a closed surface, which can be difficult to
measure.

Another commonly used method is replacing the source with dipole moments. This
method has been widely applied in the radio frequency interference (RFI) [10, 11, 12, 13,
14, 15, 16] and IC EMC areas [17, 18, 19]. In [16], a physics-based equivalent magnetic
dipole source is extracted based on the current distribution and is used to study the near-field
coupling between an LCD panel and a smartphone’s cellular antenna. The advantage of
dipole moments over current on Huygen’s box is that it reveals the intrinsic radiation physics
of the radiator [20].

In order to accurately represent the original radiation source, many equivalent dipole
source reconstruction methods have been proposed. Traditionally, both magnitude and
phase information of near field pattern is required for reconstruction [13], but getting phase
information is very challenging in the real application. Recently, Ji proposed an iteration
algorithm which only needs near field magnitude information on two planner surfaces above
the device under test (DUT) to extract dipole source [21]. The phase information will be
retrieved by calculating the propagation of waves between two scanning surfaces. This
method works well when the size of the DUT is small and rectangular scanning surfaces
can capture most of the radiation power from the source. In this thesis, we are going to
reconstruct the equivalent dipole source of a server rack. Since the size of the DUT is
too large, cylindrical scanning surface around the DUT instead of rectangular scanning
surface above the DUT is used. The propagation of wave in cylindrical coordinate is more
complicated than in the cartesian coordinate. And due to the limitation of measurement,
the scanning surface cannot capture all the radiation hotspots. For example, the antenna
used in EMI measurement is too large and cannot move to the heights below 1 m. In this

way, some field information is lost and this method will not work anymore.



The second thing need to be considered in data center modeling is the coupling
and scattering of the field between racks. The incident wave will generate induced current
and charge on the metal structure of server racks. The total radiation field is the sum of
the incident field generated by dipole source and the reflected field generated by induced
current and charge. In this thesis, Method of Moments (MoM) is used to calculate reflected
field [22]. The problem is the size of the matrix in MoM calculation is determined by the
electric size of the model. If the whole rack array is modeled without any simplification,
the matrix size will be too large to be calculated. So in this thesis, the rack model will be
simplified to meet the requirement for both accuracy and time efficiency.

The thesis is organized as below. Section 2 introduces the physics of dipole source
radiation and describes the method of equivalent dipole moment source reconstruction using
both magnitude and phase information and using magnitude information only. Section 3
studies the coupling between multiple racks. First, the coupling between two nearby racks
is investigated, the proposed simplification method is validated by measurement. Next, the
scattered field of the whole rack array is calculated as well. In Section 4, a user-friendly tool
is developed to estimate the radiation of data center using the theory introduced in previous

sections. Section 5 concludes the thesis.



2. EQUIVALENT DIPOLE MOMENT SOURCE EXTRACTION

2.1. RADIATION FROM INFINITESIMAL DIPOLE

When solving electromagnetic interference issues, infinitesimal electric and mag-
netic dipoles moments are widely used to represent the antenna under test (AUT) [23] or the
noise source [16]. Many of the works use a uniformly distributed antenna array to represent
the real emission source [24], and it is purely mathematical with no physical meaning. In
order to physically reveal the noise source, others use various methods to determine the
equivalent dipole source [21][25]. Both methods use the electric field or magnetic field
distribution to reconstruct an equivalent dipole source. The theory they use are the same
and will be explained below [26].

The electric field radiated by the electric and magnetic dipole moments can be

calculated using Eq. (2.1)-(2.3).

2
X=X X —X -
E, = Q2+Q3( 2e) Px+6]3( e)gy ye)Py
(x = x) (2 — ze)
+q3 e P —q1(z=zm) My + q1 (y — ym) M;
(y = ye) (x = x,) (v = ye)?
Ey=613y ye2 P+ 6]2+Q3% Py
( f( ) ) @2
—ve)(z -2
+ g3 Y eR2 - P+ q1 (2= 2m) My — q1 (x = xp,) M
(z = ze) (x — x) (2= 20) (y = Ye)
EZ:q3 €R2 < Px+q3 eRZ - Py
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In the equations above, the electric dipole and magnetic dipole are located at
(Xe» Yes Ze) and (X, Yim» Zm ), Tespectively. The electric dipole moment in x, y, z directions are
P, P, and P, respectively; The magnetic dipole moment in x, y, z directions are M, M,,
and M_, respectively. The electric field strength in x, y, z directions at the location of (x, y, z)

are E, E,, and E,, respectively. And q1, ¢», and g3 are three coefficients defined as

q1 = k*c1G (2.4)
q = —jkneG (2.5)
q3 = —jknc;G (2.6)

where £ is the wave number, 7 is the wave impedance, G is the free-space Green’s function

defined as

o—JkR

- 47 R

2.7

where R = \/ (x = x)2 + (y — y)* + (z — 2)* is the distance between source point (x, y, z)

and observation point (x’,y’,z’). ¢y, ¢2, and c3 are three coefficients defined as ¢; =

1

J _ _ .
wre trre2=1-c and c3 = 3¢y — 1, respectively.

When multiple dipole sources located at different positions are simultaneously
radiating at the same frequency, the total radiation pattern is the linear combination of
contribution from each single dipole. Eq. (2.8) is the matrix form equation that calculate
the observed E-field at the n-th observation point radiated by the dipole source at the m-th

location. [DM ],, shown in Eq. 2.9 is the dipole moments located at the m-th location, each



component corresponds to one electric or magnetic dipole in x, y, or z directions. [T ],

shown in Eq. 2.10 is a three by six matrix containing the transfer function between one

dipole source and the radiation field at one observation point.
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)

(2.10)

Finally, the relationship between the E-field at N different observation points and

dipole source at M locations can be written as:
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where X is the list of dipole sources and T is the transfer function between all the dipole

sources and all the observation points.

-T11 e Ty, - TIM-
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2.2. EXTRACT DIPOLE SOURCE FROM ELECTRIC FIELD DATA WITH MAG-
NITUDE AND PHASE INFORMATION

If the position of M observation points and N dipoles are known, the transfer
matrix 7 can be calculated using Eq. (2.12). Furthermore, if the magnitude and phase
information of the E-field at observation points are also available, the equivalent dipole

sources can be reconstructed using the least-square method, as shown in Eq.(2.14). The



generated dipole sources X will have the same field distribution as the original E-field E,
so in some applications, it can be used to replace the original emission source to simplify

the calculation.

X=T"T)'"T"E (2.14)

In reality, the exact position of the equivalent dipole source is usually unknown. In
this situation, in order to extract equivalent dipole sources, some optimization algorithms
are used to find the best position that can minimize the difference between the desired
E-field and the radiation from the reconstructed dipole source. In this thesis, the genetic
algorithm (GA) is chosen to optimize the position and type of equivalent dipole source.

The genetic algorithm is a method for solving both constrained and unconstrained
optimization problems that is based on natural selection, the process that drives biological
evolution. The genetic algorithm repeatedly modifies a population of individual solutions.
At each step, the genetic algorithm selects individuals at random from the current population
to be parents and uses them to produce children for the next generation. Over successive
generations, the population "evolves" toward an optimal solution, which is defined by the
objective function [27].

The workflow of equivalent dipole source extraction using GA is shown in Figure
2.1. First, the position of observation points and the corresponding E-field distribution
E*¢“" are loaded into the code. This E-field data must contain both magnitude and phase
information. Next, the number of dipole sources under optimization is determined by
the user, the default value is one since the time needed for optimization will increase
dramatically with the increase of unknowns. GA is then used to optimize the position and
type of dipole sources. There are six types of dipoles available (P,, Py, P,, My, M, and
M), and they can be located anywhere inside the optimization range set by the user. Once
the position and type of dipole moments are set, the transfer matrix 7 is calculated using

Eq. (2.12), and the equivalent dipole moments are extracted using Eq. (2.14).



L oad the position of observation points
and corresponding E-field di stribution

L J

Set the mumber of dipoles as M e

Y

Select the position and type of dipole
moments using GA

¥

Caleculate the magnitude and phase of
dipoles using least square m ethod

¥

Calculate the objective function

o
A

¥

L

¥

Output the equivalent dipole source

Figure 2.1. Code flow of extracting dipole source using magnitude and phase information
of electric field

The radiation pattern of the extracted dipole source E/ may not be the same with
the initially loaded E-field distribution E°““"*. An error function is defined to evaluate the

accuracy of the extracted dipole source, which is shown in Eq. (2.15).

SI(Esee| — |EL")2 + (|Eseon| - |EL"))?]

ZAEZ™ + [Eg %)



10

The error function serves as the objective function of GA. If the relative error is
larger than the threshold, GA needs to select another set of dipole positions and types in
order to reduce the relative error. This process will not end until the minimum relative error
is reached or the iteration time exceeds the maximum value.

Sometimes the E-field pattern is too complicated and it cannot be reconstructed
using a small number of dipoles. Therefore, after the optimization ends, the value of
relative error may still be larger than the limit. If this happens, the number of dipoles will
be increased by one, and the optimization process is repeated again. The code can end
when the relative error decreases to some threshold value or when the relative error doesn’t
change too much after adding more dipoles. Then the code will substituent the optimized

position and type to Eq. 2.14 to get the final magnitude and phase of dipole moments.

2.3. EXTRACT DIPOLE SOURCE FROM MAGNITUDE-ONLY ELECTRIC FIELD
DATA

In the real EMI measurements, the spectrum analyzer is widely used to measure
the magnitude of the radiation signal in the frequency domain, and the phase information
is usually not available. In this case, the previous method will no longer work. In order
to extract equivalent dipole sources, the magnitude information of the electric field on two
surfaces are needed. The scanning surface in EMI measurement can be a plane, a cylindrical
surface, or a spherical surface. The dipole extraction algorithm discussed below will take
E-field data on two cylindrical surfaces as input, but it can be applied to planar scanning
and spherical scanning as well.

The cylindrical EMI measurement setup is shown in Figure 2.2. Inside an EMI
chamber, the DUT is placed at the center of a rotating table. The receiving antenna is
placed at a certain distance away from the DUT. During the measurement, the rotation table
will turn to different angles while the antenna is fixed in the same position. In this way, the

field on a cylindrical surface around the DUT is measured.
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EMI chamber

s
A

-

S

e ———— o ————

Figure 2.2. Cylindrical EMI measurement setup

The workflow of the proposed equivalent dipole source extraction algorithm is
shown in Figure 2.3. The code will first load the magnitude information on two cylindrical
surfaces. Next, GA will initialize the position and type of the dipole sources. Then the
phase of E-field on every observation point of the outer surface is forced to be zero. Using
the loaded magnitude and this initialized phase information, dipole sources can be extracted
with the least square method. Then, the code will follow several actions:

Step #1 : Calculate the transfer function between dipole sources and the observation
points on the inner surface using Eq. (2.12). Then calculate the field on the inner surface
radiated by the current dipole sources.

Step #2 : Calculate the relative error between the calculated result on the inner
surface and the loaded field using Eq. (2.15), which is saved as RE1.

Step #3 : Since the initial dipole sources are reconstructed from the artificial phase
information, the radiation pattern on the inner surface should be different from the loaded
field. The code will replace the calculated magnitude result from step one with the loaded
information but keep the calculated phase result. This will generate a new set of artificial

fields.



L oad the m agmitude inform ation on two
cvlindrical surfaces

v

Set the munber of dipole moments as M

v

Inifialize the position and type of the
dipole sources using GA

k

Use the magnitude on outer sutface and
assume the same phase to imtialize
dipole magnitude and phase

Calculate field file on inner surface

v

Calculate relative etror on inner suiface

Y

Eeplace the calculated magnitude with
the measurement value on inner suiface

Y

Use the new artificial fields to update
dipole moments by least square method

12

M=h1+1

EE < Threshold2 7

T

Output the reconstructed dipole sources

EE < Thresheldl 7

1

Use the new artificial fields to update
dipole moments by least square method

1

Beplace the calculated magnitude with
the measurement value on outer surface

F 3

Calculate relative error on outer surface

Calculate field file on outer surface

L

Figure 2.3. Code flow of extracting equivalent dipole source from E-field magnitude

information on two scanning surfaces
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Step #4 : Use the new artificial fields to update the magnitude and phase of dipole
moments by the linear square method.

Step #5 : Calculate the field distribution on the outer surface radiated by the updated
dipole source.

Step #6 : Calculate the relative error between the calculated result on the outer
surface and the loaded field using Eq. (2.15), which is saved as RE2.

Step #7 : Enforce the magnitude of the field on the outer surface to be the loaded
data and keep the phase unchanged.

Step #8 : Use the new artificial fields on the outer surface to update the magnitude
and phase of dipole moments by the linear square method.

Step #9 : Calculate the average relative error of this iteration RE = RE1 + RE?2.

As the iteration goes on, the relative error will slowly decrease and converge. After
each iteration, the updated RE will be compared with the RE of the previous iteration. If
the difference between them is smaller than the criteria, the iteration will stop. Otherwise,
the iteration will continue.

The convergence of iteration doesn’t mean the equivalent dipole source has been
extracted successfully. It only means the calculated magnitude and phase of dipole sources
will generate the smallest relative error when the position of these dipoles are fixed at the
originally selected positions. When the dipoles are located at other positions, the relative
error may be even smaller. Thus, if the average relative error is larger than the threshold,
GA will continue to select other positions, and the iteration algorithm will be used again to
determine the magnitude and phase of dipole moments. In the end, the code will generate a
set of dipole sources that has the smallest relative error compared with the originally loaded
field data. If the relative error is still too large, it means the current number of dipoles
cannot reconstruct the original field, then the number of dipoles will increase by one and

all the steps described above will be repeated again.
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24. VALIDATION OF THE METHOD WITH INFINITESIMAL DIPOLES AS
SOURCE

The proposed method is first validated using the simulation data of two infinitesimal
dipoles. The source information is listed in Table 2.1. One Pz dipole is located at (0, O,
1.5 m); its amplitude is 0.5 Am and the phase is 0 degrees. Another Px dipole is located
at (0.1 m, 0, 1.8 m); its amplitude is 0.1 Am and the phase is O degrees. The radius of two
cylindrical scanning surfaces are 2 m and 5 m, respectively. The heights of scanning points
are from 1 m to 4 m with an interval of 0.25 m. The azimuthal angle of both surfaces is

from O degrees to 360 degrees with an interval of 15 degrees.

Table 2.1. Original dipole source and reconstructed equivalent source

Frequency | X (m) Y (m) Z (m) Dipole | Amplitude| Phase RE
Type (Am) (Degree)

Original | O 0 1.5 Pz 0.5 0

Model 0.1 0 1.8 Px 0.1 0 )
0.0037 -0.0016 1.4995 | Pz 0.5003 -0.0090

1GHz 0.1076 -0.0021 1.8052 | Px 0.1160 0.8847 0.1533
6.7e-5 -2.9¢e-4 1.5001 | Pz 0.5015 -0.4927

10GHz -0.1768 0.1803 1.7250 | Px 0.1104 -9.7002 0.1632

The magnitude values of the E-field on two scanning surfaces are imported into the
code. GA will optimize the position and type of dipoles. The pre-defined optimization
range of the dipole position in the x coordinate is from -0.5 m to 0.5 m, while in the
y coordinate it is from -0.5 m to 0.5 m, and in the z coordinate it is from 1 m to 2 m.
The optimization range of dipole type is from 1 to 6, which represents the electric dipole
and magnetic dipole in X, y, z directions. In the beginning, the number of dipoles under
optimization is one. After the relative error converges, since the difference between the
original field and the reconstructed field is too large, the number of dipole sources will
be increased to two. The final optimization result is shown in Table 2.1. When using the

field distribution at 1 GHz as the input, the relative error will converge to 0.1533. The
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Figure 2.4. 2.4a: Original simulation: Ephi component distribution on the cylindrical
surface. 2.4b: Original simulation: Ez component distribution on the cylindrical surface.
2.4c: Reconstructed field: Ephi component distribution on the cylindrical surface. 2.4d:
Reconstructed field: Ez component distribution on the cylindrical surface.

reconstructed dipoles have a similar position, magnitude, and phase to the original model.
The original and reconstructed field distribution on the inner scanning surface is shown in
Figure 2.4. The x-axis is the azimuthal angle in degrees, while the y-axis is the height of
observation points. The unit of the data is dBuV /m. The reconstructed E-field component
in the vertical direction (Ez) is nearly the same as the original field, while the horizontal
component (Ephi) is a little bit different from the original. This is because the magnitude
of Ez is much larger than Ephi, so Ez plays a more important role in the equivalent source
extraction. Using the field at 10 GHz, the equivalent source can also be reconstructed with

a relative error of 0.1632, as shown in Table 2.1.
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2.5. VALIDATION OF THE METHOD WITH RADIATING RACK AS SOURCE

This thesis aims to estimate the radiation from multiple racks in the data center.
Here, the radiation from one server rack is measured, and the equivalent dipole source is
reconstructed. Since the generation mechanism of EMI radiation and the structure of noise
source is not studied here, replacing with dipole moments will accelerate the calculation

without affecting the accuracy.

Figure 2.5. Measurement Setup of the EMI measurement

The measurement setup is shown in Figure 2.5. The racks will radiate at 781.25
M H?z. The radius of the cylindrical scanning surfaces are 2 m and 5 m, respectively. The
scanning height is from 1 m to 4 m, and the distance between two successive observation
points is 0.25 m in z direction. The rotation table will turn from 0 degrees to 360 degrees
and stop every 15 degrees.

The measured E-fields are shown in Figure 2.6. It is found that the rack will mainly
radiate from the front side, and there is little emission from the other sides. It is because
only the front side is left open, and all the other sides are shielded with metal structure.

This feature can be used to simplify our multiple rack simulation later.
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Figure 2.6. 2.6a: Measured Ez component distribution on the inner scanning surface. 2.6b:
Measured Ephi component distribution on the inner scanning surface. 2.6c: Measured Ez
component distribution on the outer scanning surface. 2.6d: Measured Ephi component
distribution on the outer scanning surface.

The measurement data is loaded into the dipole reconstruction code discussed in
section 2.3. The output of the algorithm are nine dipole moments with a relative error of
0.1885. Radiation pattern of the equivalent dipole source on two scanning surfaces are
shown in Figure 2.7. The reconstructed fields match well with the measurement results,

and they have similar maximum values and hotspot positions.
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Figure 2.7. 2.7a: Reconstructed Ez component distribution on the inner scanning surface.
2.7b: Reconstructed Ephi component distribution on the inner scanning surface. 2.7c: Re-
constructed Ez component distribution on the outer scanning surface. 2.7d: Reconstructed
Ephi component distribution on the outer scanning surface.
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3. MULTIPLE RACKS RADIATION MODELING

3.1. RADIATION FROM RACKS IN DATA CENTER

In the real data center, there can be hundreds or even thousands of server racks
working simultaneously. The servers, network equipment, and cables may generate and
emit a strong electromagnetic frequencies, and their performance may also be affected by
the external radiations as well. However, it is not practical to build a full-wave model of
all the racks and simulate the radiation from them because it is too time-consuming and
requires a large amount of computation source. It is also wrong to simulate the radiation
from every single rack separately and then add them up together because strong coupling
occurs among racks due to reflection and scattering.

In this section, an algorithm is proposed to accurately estimate the total radiation
from the data center. In section 2, the radiation pattern on a cylindrical surface from one
rack is measured using the typical EMI testing setup, and the equivalent radiation sources
are then extracted from measurements. It is used as the excitation source in the future
simulation. The rack-to-rack coupling is modeled using full-wave EM simulations with
reasonable simplification. The measurement and simulation results show that when one
rack is working, the radiation field will be scattered by the racks nearby, while the racks that
are far away from it will have little effect on the final emission pattern. Thus, only the nearby
racks need to be included in the full-wave simulation, which will save a significant amount of
calculation time. After the radiation from each rack is known, the total EM field distribution
from a site can then be efficiently calculated by vector summing the contributions of all the

equivalent sources.
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3.2. COUPLING BETWEEN TWO RACKS

Scattering between the metal structures of racks can significantly change the field
distribution. However, it is not feasible to measure the coupling between a bunch of racks
in an EMI chamber because of the limited size of the turntable. In order to model this effect
and perform the measurement to validate the simulation result, the scattering between two
racks is studied first. In the data center, two nearby racks can be placed face-to-face, back-
to-back, and side-by-side with each other. From the measurement result in the previous
section, the radiation from a rack is mainly in the front direction, and there is little emission
from the left, right, back, and top sides of the rack. Therefore, it is reasonable to assume
that the relative position and direction of two racks will affect the scattering between them.
And the three placement arrangements will be studied one-by-one as follows.

3.2.1. Two Racks Back to Back. Since there is little electromagnetic field radiating
from the backside of the rack, when the two racks are placed back-to-back, the scattering
between them does not need to be included in the modeling. This statement is first validated

by the simulation.
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Figure 3.1. 3.1a: Simulation rack structure. 3.1b: Far-field radiation distribution of the
rack model.
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A rack structure is built in the full-wave solver FEKO [28]. The width, length and
height of the rack is 0.8 m, 0.8 m, and 1.8 m, respectively. There are two openings in the
front panel, and the other sides are covered with metal sheet. This model will radiation at
600 M Hz mainly in the front direction, as shown in Figure 3.1. When the two racks are

placed back-to-back and radiate simultaneously, the far-field distribution is shown in Figure

3.2
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Figure 3.2. 3.2a: Two rack models are place back to back in simulation. 3.2b: Far-field
radiation distribution when two racks are radiating simultaneously.
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Figure 3.3. 3.3a: Put two sets of dipole moments back to back with each other. 3.3b:
Far-field radiation distribution.
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Next, the equivalent dipole source is reconstructed using the previously discussed
algorithm. Then, two sets of dipole sources are put in the same position as the two racks
in Figure 3.2a. One set of dipoles radiates at +x direction, while the other is turned 180
degrees and radiates at -x direction. Since there is no metal structure in the model, the
scattering between two racks is neglected. The resulting far-field distribution in Figure
3.3 is very similar to the one in Figure 3.2, which means the impact of scattering can be

excluded when two racks are placed back-to-back with each other.
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Figure 3.4. 3.4a: Measured Ez component distribution on the cylindrical surface when
two racks are placed back to back. 3.4b: Measured Ephi component distribution on the
cylindrical surface. 3.4c: Simulated Ez component distribution on the cylindrical surface.
3.4d: Simulated Ephi component distribution on the cylindrical surface.
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This theory can be further validated by real measurement. Two racks under test are
placed back-to-back with each other and radiate simultaneously at 781 MHz. The distance
between the two racks is 1 m. Since the two racks are equipped with the same type of servers
and have the same structure, their emissions are assumed to be the same. So when they
are placed back to back, the field distribution should be symmetric. In order to minimize
the measurement time, only a portion of the cylindrical scan surface is measured. The field
distribution is shown in Figure 3.4. Next, we use two sets of equivalent sources to predict
the field distribution. The measurement and simulation results agree with each other, which
validates the hypothesis.

3.2.2. Two Racks Side by Side. Since the radiation at the left and right side is also
weak, it is reasonable to guess that when two racks are placed side-by-side, their coupling
will not have a significant impact on the total emission. Following the same procedure in
section 3.2.1, the far-field pattern of two rack structures and two sets of equivalent dipole
sources are compared in Figure 3.5 and Figure 3.6. The similar patterns validate the initial

guess.
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Figure 3.5. 3.5a: Simulation rack structure. The width, length and height of the rack is 0.8
m, 0.8 m, and 1.8 m, respectively. 3.5b: Far-field radiation distribution when two racks are
radiating simultaneously.
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Figure 3.6. 3.6a: Put two sets of dipole moments side by side. 3.6b: Far-field radiation
distribution.

The neglection of coupling in the side-by-side case is further validated by the
measurement result shown in Figure 3.7. Two racks radiating at 1.718 GHz are placed side-
by-side, the distance between them is 10 cm. Figure 3.7a and 3.7b are the measurement
results. The scanning area corresponds to the region in the red box in Figure 3.7c and 3.7d.
The pattern distribution is similar between measurement and simulation. The maximum
value of the measured Ez component is 59.8 dBuV /m, while the maximum of the simulated
resultis 58.8 dBuV /m. The maximum value of measured Ephi component is 56.0 dBuV /m,
while the maximum of the simulated result is 58.5 dBuV /m. The variation between the
measurement and simulation is within 3 dB for both field components.

3.2.3. Two Racks Face to Face. Since radiation from the front side is very large,
there will be strong coupling between two racks when they are placed face-to-face. When
one rack is radiating, the induced current will be generated on the surface of another rack.
The induced current will significantly change the final field distribution. In this case, the
scattering can no longer be neglected, but the simulation model can still be simplified

slightly.
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Figure 3.7. 3.7a: Measured Ez component distribution on the cylindrical surface. 3.7b:
Measured Ephi component distribution on the cylindrical surface. 3.7c: Simulated Ez com-
ponent distribution on the cylindrical surface. 3.7d: Simulated Ephi component distribution
on the cylindrical surface.

When one rack is radiating, the second rack can be simplified into a metal sheet that
is placed at the position of the front panel. This is because the induced current is mainly
distributed at the front panel of the second rack. The field generated by the induced current
will also propagate back to the radiating rack, which is referred as multiple reflection. In
order to include this effect, another metal sheet is needed to block the reflected file. The final
simplified model, when only one rack is radiating, is shown in Figure 3.8. The equivalent
dipole source is radiating toward the -x direction. One metal sheet is placed at the position
of reflector racks’s front panel, another is placed at the position of radiator racks’s back

panel.



26

() (b)

Figure 3.8. 3.8a: Two racks placed face to face. 3.8b: Simplified model when one rack is
radiating.

Adding the field from two simplified models together, we can determine the field
distribution when two racks are turned on at the same time. The comparison of simulation
results from before and after simplification is shown in Figure 3.9, and the results agree
with each other.

The proposed method is also validated by measurement, the results are shown in
Figure 3.10. The value of maximum value and the position of hot spot agree well between

measurement and simulation.

3.3. SIMPLIFICATION OF RACK ARRAY

In the real application, the placement of racks is more complicated. An example of
rack distribution in the data center is shown in Figure 3.11. Each rectangular box represents
a server rack, and the missing side of each box indicates the front panel, which is also the
main radiation direction of the rack. The orientation of two neighboring rows is different.
All the racks are assumed to be the same, which means they share the same structure
and equivalent dipole source. Based on the observations in Section 3.2, when simulating
radiation from a rack array, even though the multiple scattering cannot be ignored, we can

still do some simplification to speed up the calculation.
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Figure 3.9. 3.9a:Full rack stricture: Ez component distribution on cylindrical surface. 3.9b:
Full rack stricture: Ephi component distribution on cylindrical surface. 3.9¢c: Simplified
stricture: Ez component distribution on cylindrical surface. 3.9d: Simplified stricture:
Ephi component distribution on cylindrical surface.

3.3.1. Divide the Array into Different Groups. Racks located at different places
inside the array will have different contribution to the final radiation pattern. And it is
reasonable to guess that if two racks have similar position, their emission should also be
similar. Based on this hypothesis, racks in the array are divided into three groups: outer
racks, inner racks, and boundary racks. Each group will be treated separately.

Outer racks are those facing out of the array. They can be racks at the first or last
row of the array, as shown in Figure 3.11. For an outer rack, the rest of the racks in the array
are either back to it or next to it. According to the simulation result in Section 3.2, there is

no significant scattering when the outer rack is radiating.
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Figure 3.10. 3.10a: Measured Ez component distribution on the cylindrical surface. 3.10b:
Measured Ephi component distribution on the cylindrical surface. 3.10c: Simulated Ez
component distribution on the cylindrical surface. 3.10d: Simulated Ephi component
distribution on the cylindrical surface.

Inner racks are those at the center of the array. They are far away from the array
boundary. For each inner rack, it is assumed that there are an infinite number of racks next
to it. Besides, boundary racks are those near the array boundary. The criteria to recognize
arack as an inner rack or a boundary rack is related to the radiation frequency, which will
be discussed below.

The radiation field will gradually change as it propagates over some distance and
scatters for multiple times. For an inner rack, since there are an infinite number of racks

next to it, adding more racks next to it will not change the radiation pattern significantly.
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Figure 3.11. Divide the racks in an array into three groups.

This phenomenon can be used to determine whether a rack is an inner rack or not. The
simulation model is illustrated in Figure 3.12. A set of equivalent dipole sources is placed
at the center of the array. Since only the racks opposite to the source will change the field
distribution, only two rows of racks are simulated. The number of racks placed next to it
will gradually increase. According to our assumption, when the number of side racks is
large enough, the field will finally converge to a certain distribution, and adding more side
racks will not change the field distribution much. At this point, the radiation source can be
regarded as an inner rack.

Figure 3.13 shows the simulation result when the rack is radiating at 600 M Hz. The
observation points are located on a circle centered at the radiating rack. The x-axis is the
azimuthal angle in degrees. The height of these points are fixed at 5 m. It is clearly shown
that when the number of the nearby rack increases from one to two, the peak position changes
greatly. However, when the number increases from three to four, the field distributions are
almost the same. Consequently, at this frequency, for any rack in an array, if there are three
racks on the left of it and three racks on the right of it, adding more side racks will not

change its emission field too much, and it can be regarded as an inner rack.
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Figure 3.12. Simulation model to determine the definition of inner racks

Table 3.1. Definition of inner rack at different frequencies

Frequency | Wavelength(m) | Length of Nearby Rack (m) | Ratio between Length of
Nearby Rack and Wavelength

400MHz | 0.75 34 4.5

600MHz | 0.5 2.55 5.1

900MHz | 0.33 1.7 5.15

1.7GHz 0.17 0.85 5

Similar simulations are performed at several different frequencies. The results are

shown in Table 3.1. For example, at 400 M Hz, the corresponding wavelength is 0.75 m.

An inner rack should have at least four racks to the left and right of it, respectively. In the

simulation model, the total length of these four racks is 3.4 m, and the ratio between the

total length of four racks and the wavelength is 4.5. It is interesting to notice that at different

frequencies, these ratios are all around 5. Therefore, this ratio can be used as a rule to

determine whether or not a rack is an inner rack at different frequencies. For a particular

rack structure radiating at a fixed frequency, multiply the wavelength with five and then

divide it by the width of rack, the number of needed nearby rack to define a rack as an inner

rack is known.
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Figure 3.13. Change of field distribution when the number of side rack changes.

3.3.2. Simulation of Racks from Different Groups. After the racks are divided
into three groups, they are simulated separately using different simplification strategies. For
outer racks, as stated previously, the radiation is not greatly affected by the rest of the racks in
the array. Therefore, the field distribution can be calculated by setting the equivalent dipole
source on the corresponding rack position. The simulation result shown in Figure 3.14
validates this method. It shows the radiation pattern of one outer rack in Figure 3.11. The
simulation frequency is 781MHz. In the original model, there are several rack structures
placed next to and back to the radiating rack, the results are shown in Figure 3.14a and
3.14b. After replacing the radiating rack with equivalent dipole sources and deleting the
metal structure of all the other racks, the field distribution shown in Figure 3.14c and 3.14d
is nearly the same as the original model. Since there are only dipole sources and no other
structure in the simplified model, the calculation is very fast.

It is more complicated to simulate inner racks because the scattering and coupling
cannot be ignored. However, as stated previously, only the nearby racks have a significant
impact on the simulation result. For example, at 78 1MHz, if there are three racks on the

left and right side of the radiating rack, respectively, then this rack can be regarded as
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Figure 3.14. 3.14a: Original outer rack simulation: Ez component distribution on the
cylindrical surface. 3.14b: Original outer rack simulation: Ephi component distribution on
the cylindrical surface. 3.14c: Simplified outer rack simulation: Ez component distribution
on the cylindrical surface. 3.14d: Simplified outer rack simulation: Ephi component
distribution on the cylindrical surface.

an inner rack, and its emission pattern is dominated by the six racks next to it and the
seven racks opposite it. Adding more racks in the model will not change the result too
much. Thus, the number of racks under simulation can be greatly reduced. Besides, among
the nearby racks surrounding the radiation source, it is found that some plates will be
illuminated and induced current will be generated there, while some are shadowed and do
not have a significant impact on the scattered field, as shown in Figure 3.15. Therefore,
these shadowed faces can be ignored in the simulation as well. In the end, the simplified

model of the inner rack at 781MHz is shown in Figure 3.16. There is one radiating rack
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and thirteen surrounding racks in this model. The radiating rack is replaced with equivalent
dipole source, and a metal sheet is added at the position of its back panel in order to take care
of multi-reflection. The five racks right next to the radiation source cannot be simplified
greatly, because the induced current generated on their surface is large. However, the racks
that are relatively far away from the source can be greatly simplified without introducing too
much error. The comparison of field distribution before and after simplification is shown
in Figure 3.17.
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Figure 3.16. Simplified simulation model of inner rack at 781MHz.
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Figure 3.17. 3.17a: Original outer rack simulation: Ez component distribution on the
cylindrical surface. 3.17b: Original outer rack simulation: Ephi component distribution on
the cylindrical surface. 3.17c: Simplified outer rack simulation: Ez component distribution

on the cylindrical surface. 3.17d: Simplified outer rack simulation: Ephi component
distribution on the cylindrical surface.

When the rack is radiating at different frequencies, the procedure of simplification is
the same. First, the number of racks that need to be included in the model is determined by
the simulation frequency. Then the radiating rack is replaced with a metal sheet on the back
and equivalent dipole sources. The five racks surrounding the source cannot be simplified
too much; only a few panels of them are deleted. Finally, only the front and back panels of

the rest racks are kept in the model, all the other panels are neglected.
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The simplification process for the outer racks is very similar to inner racks. The
only difference is that the nearby racks are not symmetric any more. The simplified model

of one boundary rack is shown in Figure 3.18.
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Figure 3.18. Simplified simulation model of inner rack at 781MHz.

As seen in Figure 3.11, there are many inner racks in the array, and all of them
can be simplified into the same model shown in Figure 3.16. Traditionally, in order to get
the emission from each rack, we need to shift the rack model to different positions while
the observation points are fixed. However, we can also fix the position of model and set
multiple scanning surfaces. In this way, by performing the simulation for one time, we can
determine the radiating field for all inner racks. The same thing happens to boundary racks
as well.

After the radiation from every rack are known, they can be summed up together to
get emission from the whole array. Figure 3.19 shows the field distribution of a three-by-
seven array that is calculated by the original model and the simplified model. The racks on
the first row are facing out of the array, so they are outer racks according to our definition.
The second row and third row are face-to-face with each other. The results from the two

methods agree well with each other, which validates our proposed method.
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Simulated Ephi Pattern at 20m
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Figure 3.19. 3.19a: Original array simulation: Ez component distribution on the cylindrical
surface. 3.19b: Original array simulation: Ephi component distribution on the cylindrical
surface. 3.19c: Simplified array simulation: Ez component distribution on the cylindrical

surface. 3.19d: Simplified array simulation: Ephi component distribution on the cylindrical
surface.
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4. TOOL DEVELOPMENT AND VALIDATION

4.1. INTRODUCTION OF TOOL DEVELOPMENT

A software tool is developed for the application related to EMI issues in the data
center. There are two main functions in this tool. First, it can use EMI measurement or
simulation data on cylindrical surfaces to reconstruct equivalent dipole source. Second,
given the array information and source data, it can calculate radiation from multiple racks
in the data center.

In order to make the tool user friendly, a Graphical User Interface (GUI) is developed
in the C++ environment. The information provided by the user will be read by MATLAB
kernel, which is based on the algorithm proposed in Section 2 and 3. After the calculation
is finished, results will be sent back to GUI and plotted there. The user can also export the

calculation results in GUI.

4.2. GUI DESIGN

The GUI of single rack equivalent source reconstruction and multiple rack radiation
prediction are designed separately. The dipole extraction part is shown in Figure 4.1. The left
part are the input bars. The user needs to provide information such as radiation frequency,
the position of two cylindrical scanning surfaces, and the electric field distribution on two
surfaces. Once this information is provided, the distribution of observation points will be
displayed at the lower left corner. After the source extraction is done, the field distribution
on two scanning surfaces will be shown automatically. Users can select which E-field
component they want to plot. The information of reconstructed dipoles is at the bottom

right. Users can export this information into a csv file.
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Figure 4.1. GUI design of single rack equivalent dipole source reconstruction

The GUI of multiple rack radiation calculation is more complicated. There are four

tabs in the tool. The first tab is called *’General’ as shown in Figure 4.2; the user needs to

define the simulation frequency, the geometry information of data center building, and the

wall attenuation information in this tab.
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wall type: Concrete

wall thickness: o

Figure 4.2. General tab of the multiple rack GUI

W Calauate

Next, in the ’Racks’ tab shown in Figure 4.3, the user needs to type in the geometry

information of the array, such as the number of rows and columns, the spacing between the

racks, etc. In addition, the structure and equivalent dipole source of racks are also assigned

by clicking the ’Library’ button. Then a rack type library window will pop out as shown in
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Figure 4.4. After receiving all this information, GUI will show a rack distribution preview

on the right and a list of all racks at the bottom. The user can zoom in and out to check the

rack positions at the distribution preview and turn some racks on or off in the rack list.
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Figure 4.4. Rack library

Then, at the calculation tab, the user can define the observation surfaces. There are

four types of observation surfaces available: cylindrical near field scan, spherical near field

scan, single point near field scan, and spherical far field scan. The user can set the radius

of the cylindrical and spherical scan, and the distance between two successive observation

points and other parameters. There can be multiple scanning surfaces in one simulation.
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After all the definitions in three tabs are complete, the user can click the calculation

button on the top right to start the simulation.

[ ewd  |[ Reos | [ ] b [ e
Calculations
@ D E| El Calculation #3 Parameters
Type: |Spherical field scan ~
Calculation 1 Field value in specific location Radius: [50 [Im v
Calculation £2 Far field Start Step Stop
[SURMRTNEEY Spherical field scan e o |[1s | [s0 | degrees
Calculation #4 Cylindrical field scan
@ | | [z | [360 | degrees

Figure 4.5. Calculation tab of the multiple rack GUI

After the simulation is completed, the result will be shown in the results tab, like the
one in Figure 4.6. The user can select which filed component to plot and whether or not to
include the attenuation of wall. The GUI will also show the maximum field value and the

corresponding position.
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Etotal Magnitude
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Figure 4.6. Results tab of the multiple rack GUI
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4.3. KERNEL DEVELOPMENT

The algorithm of multiple rack radiation calculation kernel is discussed in Section
3. Her, the MATLAB coding issues in the kernel development will be discussed. The work

flow of the kernel is shown in Figure 4.7.
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Assign observation planes
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Run MoM calcul ati on

k4

For outer racles: cal culate radiation
field from dipole source directly

¥

Add the radiation from each raclk
together

Figure 4.7. Code flow of multiple rack radiation calculation kernel.



42

The information provided by the user will be written into an .XML file, the first
step of the kernel is to read this information. Next, racks will be divided into three groups:
outer rack, inner rack, and boundary rack. The definition of the inner and boundary rack
is determined by the simulation frequency. Then, the radiation of each inner and boundary
rack will be calculated using the Method of Moments (MoM) solver. In order to do this,
the simplified model discussed in section 3.3.2 is built automatically. The size of model is
adjusted according to the user inputs. Then the model is discretized using triangular mesh
by calling a third party tool, Gmsh [29]. One example of the meshed simplified model is
shown in Figure 4.8. Next the kernel will assign the observation points. Since the simplified
model of racks from the same group are the same, instead of running multiple simulations,
the kernel will assign several different scanning surfaces in one model. In reality, the
observation points are fixed while the radiation sources are located at different positions.
Now there is only one fixed radiation source, the scanning surface need to be shifted in

order to keep the relative position between the observation points and source unchanged.

Figure 4.8. Simplified simulation model of inner rack at 78 1MHz.
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Figure 4.9. Simulated field distribution on cylindrical scanning surface.

For outer racks, things are much easier. Since all the rest of the rack structures
can be neglected, we can use the equations in Section 2 to calculate the field distribution
quickly.

After the radiation from each rack is calculated, they can be added together to get
the final estimation result. The final data will be sent back to GUI and plotted there. Users

can download these data for further investigation.

4.4. ALGORITHM VALIDATION

The proposed algorithm is validated by comparing the estimation result with mea-
surement result. The emission field strength around one data center is measured. There are
1280 racks installed in the data center. Among them, 288 racks are radiating at 781 M Hz.
They are placed randomly inside the rack array. The highest emission is 66.7 dBuV /m after
factoring in cable loss, antenna factor, and pre-amplifier gain, and the azimuth of hotspot is

from 260 degrees to 300 degrees.
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In the simulation tool, the same rack array is built. There are 40 rows and 32
columns. Among them, 288 racks are randomly selected to be turned on, all the rest are
turned off. These tuned off racks will not radiate at 781 M H z, but their metal structure will
scatter the radiation field and further affect the field distribution, so they can not be ignored
here.

After calculation, the estimated highest emission is 64.9 dBuV /m and the hotspot
azimuth is from 220 degrees to 280 degrees, both agrees with the measurement result. The
simulation result is shown in Figure 4.9. The offset in azimuth could be caused by two
factors. The source distribution in the simulation may not be exactly the same as the actual
configuration. And there is a gap between the 16¢h column and 17tk column in the real

configuration, which is not included in the simulation model.
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S. CONCLUSION

In this thesis, a method to estimate electromagnetic emissions from a site installation
with multiple racks of server equipment is proposed, and a user friendly software tool is
developed for future application. Simulating all the racks together is not feasible because
of the limitation of time and computational resources. Instead, the total radiation of the
data center is calculated by adding the contribution from each rack together. Racks in the
array can be divided into several categories according to their position. Racks in the same
category have similar radiation field distribution. Thus for each category, the emission
from one represent rack is calculated using MoM. In the simulation model, the radiating
rack is replaced by the equivalent dipole moment which is extracted from a single rack
near field scanning result. The coupling between racks can affect the final field distribution
significantly, and it is found that the effect of nearby racks is important while the rest racks
can be neglected. Based on this discovery, the simulation model is simplified and validated
by simulation and measurement. Radiation of the rest racks can be obtained by shifting,
rotating or flipping the field of the corresponding representative rack. Finally, the total
radiation of the data center is obtained by vector summing the individual contributions of
all the racks in the data center. This method is much faster than the brute-force simulation
of the entire data center, and is highly scalable to handle an arbitrary number of racks in the

data center.
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