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1 |  INTRODUCTION

A microserver was developed and studied to shrink serv-
ers’ physical dimensions and increase the efficiency of the 
spatial usage of data centers. It was also developed to apply 
more computing power using a scale‐out feature and lessen 
the power consumption. To achieve this, the first require-
ment was to integrate a large number of devices and boards 
into a chassis. To do so, backplanes were used for the com-
munication within the chassis. To enhance the performance 
of the servers, high‐speed signals were used in the small 
area of a printed circuit board (PCB). We developed the 
proposed server as a microserver. It can integrate 64 servers 

(CPUs) in a single chassis. A system interconnection net-
work is built into the proposed server to connect with each 
server using serial RapidIO (SRIO). To increase the den-
sity of the proposed server, a system interconnection mod-
ule connects with eight servers (CPUs) on two computer 
cards. The detailed configuration of the proposed server is 
described later. One system interconnection module must 
support the SRIO Gen 2.1 and PCIe Gen 2 at a maximum 
of 20 Gbps per port. It must also place and route 160 dif-
ferential wires with a maximum bandwidth of 800 Gbps. 
Therefore, the signal integrity that we define as a crosstalk 
on the module is the most important requirement to achieve 
good results.
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In this paper, we analyzed the signal integrity of a system interconnection module for 
a proposed high‐density server. The proposed server integrates several components 
into a chassis. Therefore, the proposed server can access multiple computing re-
sources. To support the system interconnection, among the highly integrated comput-
ing resources, the interconnection module, which is based on Serial RapidIO, has 
been newly adopted and supports a bandwidth of 800 Gbps while routing 160 dif-
ferential signal traces. The module was designed for two different stack‐up types on 
a printed circuit board. Each module was designed into 12‐ (version 1) and 14‐layer 
(version 2) versions with thicknesses of 1.5T and 1.8T, respectively. Version 1 has a 
structure with two consecutive high‐speed signal‐layers in the middle of two power 
planes, whereas Version 2 has a single high‐speed signal placed only in the space 
between two power planes. To analyze the signal integrity of the module, we probed 
the S‐parameters, eye‐diagrams, and crosstalk voltages. The results show that the 
high‐speed signal integrity of Version 2 has a better quality than Version 1, even if 
the signal trace length is increased.
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As the speed of the signals on a PCB increase, several 
factors, such as the trace length, stubs, through‐via, stack‐up, 
materials, and type of pad, are the main reasons for the de-
terioration in the signal integrity. A high‐speed PCB under-
goes degradation in signal integrity. Owing to the speed of 
the signals, the voltage level changes rapidly, which affects 
the signals nearby by an increment in the current or voltage 
caused by the instant in time (1∕dt), such as I =Cdv∕dt and 
V =Ldi∕dt. In particular, the more the length of the signals 
increases, the more the mutual inductance and capacitance 
between the signals increase, as these values proportionally 
increase with the overlap in area, which also affects the sig-
nal integrity. Hence, this effect worsens the signal integrity, 
and finally, degrades the system performance. To decrease 
the crosstalk in a PCB board, the signals are placed 3W times 
away from the adjacent signal trace or are placed close to the 
power layer [1,2]. In a system‐on‐a‐chip (SoC), the current 
steering logic was also proposed to reduce the propagation 
delay of the signals without broadening the metal width to be 
used to avoid capacitive crosstalk during high‐speed signal-
ing [3]. In addition, several studies on reducing the crosstalk 
in PCB boards have been conducted.

To reduce the crosstalk in high‐speed networking systems, 
a hybrid stack‐up was inserted into a dielectric material with 
a high loss property in the middle of the high‐speed layers 
[4]. Even if using a high loss material can lower costs, chang-
ing to a different material during the processing increases the 
processing complexity.

Another study proposed a technique in which the signal 
traces were placed orthogonally to each other. The signal 
traces used were single‐ended and differential traces [5]. In 
this study, a periodic placement of the single‐ended trace 
was used to reduce the coupling with the differential trace. 
However, the technique used showed the best result when the 
single‐ended trace was placed under one differential trace 
without orthogonality.

In [6], a board‐level signal‐integrity design that depended 
on a PCB stack‐up configuration in a mobile device was de-
scribed, particularly for the memory interface. In a mobile 
PCB, a staggered micro‐via is able to pay a lower cost than 
a stacked micro‐via but requires more routing space in the 
stacking layers. In this study, a double signal‐layer design that 
moved some of the signals (data) on the same layer to other 
layers shielded with a power plane was proposed to achieve 
good signal integrity.

A dual‐stripline is usually used for low‐cost designs of 
computer systems. However, a dual‐stripline has interlayer 
crosstalk. Therefore, to enhance the signal integrity caused 
by this crosstalk, the authors in [7] used orthogonally over-
lapped traces in the differential signals.

A simulation method was also used to find the appropriate 
parameters to reduce the crosstalk. This method used artifi-
cial neural networks to analyze several input parameters [8].

In [9], a rectangular patch and vertical vias were used 
to suppress coupling noise formed from ground and power 
planes.

In this study, we checked and analyzed the signal integrity 
of the implemented system interconnection module, which 
was designed into two stack‐up types. The signal integrity 
in a high‐speed PCB can make a decision, whether it is a 
success or failure of the overall system. Herein, we describe 
the configuration and features of the proposed server, and ad-
dress the signal integrity with the trace length and stack‐up 
styles of the system's interconnected modules, which support 
a 800 Gbps bandwidth at ×4 5 Gbps/lane. The signal integ-
rity of each version is explained using the BER, crosstalk, 
and spectral power related to the crosstalk.

2 |  SERVER SYSTEM

2.1 | Microservers
The performances of CPUs have been placed at the center of 
computer system development. Increasing the performance 
of computer systems depends on which CPU is chosen. There 
are several factors involved for increasing the performance of 
CPUs, such as the operational clock, the command bits, the 
number of cores, and the size of cache memories. In particu-
lar, the most outstanding factor is the operational clock, which 
has increased over 1,000 times since the 1980s. However, the 
operational clocks of CPUs have not increased from the mid 
2 GHz range since the 2000s. Nevertheless, the peripheral 
devices have not improved their performances as much as 
CPU performances have improved. Moreover, innumerable 
demands have arisen in the sphere of computing, despite of 
the lack of rapid improvements in CPU performance. For in-
stance, the development of the Internet of Things (IoT), the 
requests for cloud services, and the various uses of big data 
analyses and artificial intelligence have steadily increased the 
requirements for new computer systems.

Personal mobile communications have been induced 
through the development of wireless communications. 
Specifically, the smart phone is a symbol of personal com-
munication. As with the prevalent use of smart phones, the 
main producers of data in wireless communications have 
shifted from mobile carriers to users. Before this change 
in paradigm, users simply consumed data that were pro-
vided by their mobile carriers. Nowadays, however, many 
users can make and distribute their own personal data on 
the Internet through wireless communications. IoT is also 
similar to the smart phone in terms of data creation, but 
the data are created by things and not humans. The number 
of devices connected to the Internet has been predicted to 
reach up to 50 billion, producing 23 exabytes of data per 
month, by 2020 [10]. The characteristics of IoT data in-
clude highly parallel and distributed workloads [11]. Thus, 
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to effectively deal with data that are less correlated, there 
have been changes to server configurations in data cen-
ters, from a scale up to a scale out [12,13]. The very large 
number of computationally light tasks, such as requests 
for login authentication or the serving of small static web 
pages, are examples of where microservers are used.

The development of microservers has focused on the de-
mands for reduced server space required in data centers as 
well as lessening the power consumption [12,14].

2.2 | Proposed server
Several vendors are producing microservers, such as Dell, 
Fujitsu, HP, Huawei, Qunta, and Super Micro. To utilize 
highly integrated computing resources, various protocols 
have been adapted as system interconnection networks, for 
example, PCI Express, InfiniBand, Ethernet, SRIO, QPI, and 
HyperTransport [15], which are competitive with each other. 
In particular, the Moonshot ProLiant m800 of HP employs 
SRIO to communicate using TI's DSP with an ARM A15. 
Another server product is nCore's BrownDwarf. This is also 
composed of an ARM and DSP (e.g., Cavium's Octeon and 
Freescale's MPC8548E), similar to Moonshot. However, be-
cause an ARM does not support SRIO as an IO, it also uses 
a DSP or FPGA for communicating with an ARM through 
SRIO. Some ARM CPUs use a SRIO‐to‐AMBA bus as a 
bridge between the CPU and SRIO, such as PCIe‐to‐SRIO 
bridge (Tsi721: T). We can implement Ethernet or PCIe in 
a system interconnection network, which is dominant in the 
×86 server area, even if the PowerPC supports SRIO as an 
external IO. In the case of the Ethernet, many CPUs support 
1 or 10 Gbps data rates, but the performance is insufficient 
in terms of latency. PCIe can afford a high throughput and 
low latency, but its flexibility in the network configuration is 
a drawback because of the fat tree (root complex). Although 
SRIO is currently not supported by many CPUs, it has some 
advantages. It has a low latency of under 1 µs and can lessen 
the burden of packet processing in the software through off-
loading. Moreover, the routing scheme of SRIO uses the des-
tination ID for transferring packets, offering a high degree of 
flexibility to a network configuration.

With the proposed server, no wires are used in the sys-
tem. This feature is implemented using several backplanes, 
such as a baseboard, a power backplane, and a storage back-
plane. On the baseboard, we can mount the compute cards, 
interconnection modules, management module, and network 
modules. The role of the power backplane is to supply power 
to the respective modules and bridge between the baseboard 
and storage backplane. Each storage device on the storage 
backplane is also connected to each processor on the compute 
card mounted on the baseboard.

The proposed server has dimensions of 5U by 19 inches 
and can be mounted on a maximum of 16 compute cards, 

which have four nodes (CPU) at maximum with 16 GB 
DDR3 (maximum of 32 GB). As a result, the maximum 
density is 12.8 nodes/1U. The proposed server supports a 
network that has 128 GbE downlink ports with 2.5 Gbps 
and 8 GbE uplink ports with a 10 Gbps data rate and sup-
ports eight interconnection modules with an 800 Gbps 
data rate each. A 3 + 1 configuration is used, achieving 
a power efficiency of 94%. This form factor can be com-
pared with 42U with two racks, decreasing the power con-
sumption by five times at maximum. As the test results 
of the power consumption indicate, we can decrease the 
power from 6 kW on a Xeon server using 1U to 1.6 kW. 
The proposed server can also reduce the number of net-
working cables used owing to its cableless architecture 
and high‐density feature.

Figure 1A shows a side view of the microserver config-
uration. A front panel including a display for monitoring is 
used, along with interconnection modules, network cards, 
a management card, and several cooling fans equipped in 
the rear. In Figure 1B, the developed microserver is shown. 
The system interconnection in the proposed server has 64 
servers (CPUs) connected by a serial RapidIO. The system 
interconnection can be configured using eight interconnec-
tion modules at maximum, and each module communicates 
with eight servers, using two compute cards. Consequently, 
the interconnection modules can support a maximum band-
width of 800 Gbps for input, output, and inner signals in the 
modules.

F I G U R E  1  Proposed microserver: (A) side view and (B) 
implemented proposed microserver
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2.3 | Serial rapidIO and topology
RapidIO has evolved into a point‐to‐point SRIO protocol, 
such as changing PCI into PCI Express, and has logical, 
transport, and physical layers [16]. SRIO's main objective is 
to communicate chip‐to‐chip, board‐to‐board, and chip‐to‐
board, and uses a packet switch on a 10 Gpbs/lane in Gen3. 
The typical technical feature of SRIO is a lessening burden 
for processing the packet in the software and offloading the 
protocol termination tasks of the processor to the hardware. 
As a result, the burden of the CPU is lighter than in other 
protocols. Furthermore, the latency of SRIO is lower than in 
other protocols, such as PCIe and 10 GbE [17]. The routing 
rule is based on the target ID, and each endpoint has its own 
specific memory system.

The topology of a system network, which includes a large 
number of nodes, has been developed to effectively commu-
nicate with each node. For example, a common bus, ring, 
mesh, torus, and n‐cube are used [18‒21]. In our case, we ad-
opted a folded‐hypercube topology, which is a kind of modi-
fied hypercube [22‒24], as a system interconnection network 
on the proposed server. The folded‐hypercube topology en-
hances the mean distance between nodes and the bisection 
bandwidth, and as a result, the hopping counts arriving from 
the target node to the destination node will decrease [25]. In 
this topology, we may pay a higher cost for a link configu-
ration. Nonetheless, a folded‐hypercube provides better reli-
ability than a hypercube [26].

The protocol of the system interconnection of the pro-
posed server is SRIO Gen2, which operates on ×4 at 5 Gbps. 
The parameters of the system interconnection of the proposed 
server are shown in Table 1. The SRIO switch can be config-
ured using 48 links as ×1, 24 links as ×2, or 12 links as ×4. In 
the proposed server, the switch is configured with 12 links as 
×4. We also divide the links of a SRIO switch into two parts 
to connect with the other parts, such as the compute cards and 
other interconnection modules. Thus, one part is connected 
with two compute cards, and another part is connected with 
other interconnection modules.

The interconnection module uses three ZPACK connec-
tors for high‐speed signals to link with the compute cards and 
other interconnection modules. Eight ports on the intercon-
nect module are for the PCIe, and four ports are for SRIO. 
All ports can operate with four lanes at a maximum at 5 Gbps 
per lane. Therefore, the total bandwidth of the interconnec-
tion module is a maximum of 800 Gbps including all ports, 
namely, 320 Gbps for two ZPACKs on the PCIe, 160 Gbps in 
one ZPACKs on SRIO and 320 Gbps in the on‐board SRIO.

3 |  INTERCONNECTION MODE

3.1 | Board configuration
The interconnection module is composed of two interfaces 
(PCIe and SRIO), and power, reset, and other setting circuits. 
There are eight bridges in two columns, and a switch on the 
board, as shown in Figure 2.

There are two types of interfaces, and the interconnection 
module supports three connectors. One interface is for PCIe, 
and another interface is for SRIO. The PCIe interface is for 
PCIe‐to‐SRIO bridges used to connect with the compute 
cards. Many dominant CPUs support the PCIe as an external 
IO, and thus, we use the PCIe‐to‐SRIO bridges to connect 
with the CPUs. One interconnection module uses two con-
nectors for communicating with eight servers and uses one 
connector for communicating with the SRIO switches on the 
other interconnection modules.

There are two conditions used to make a decision re-
garding where the devices and connectors are placed on the 
interconnection module. The first aspect is how to place 
and route the signals on the baseboard. If the connector 
(ZPAK) for the SRIO is placed in the center, the routing 
for the SRIO improves, as shown in Figure 3A. However, 

T A B L E  1  Parameters of proposed server system interconnection

Parameter Hypercube
Proposed server 
(folded hypercube)

Node 8 8

Link 12 16

Degree 3 4

Average distance 1.5 1.143

Diameter 3 2

Bisection B.W. 4 × link B.W 8 × link B.W

Hop count 3 2

Visit ratio 0.125 0.0714
F I G U R E  2  Connection between eight bridges and one switch on 
interconnection board with Serial RapidIO ×4 at 5 Gbps
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as shown in Figure 3B, it creates complexity in routing the 
signals of the PCIe and SRIO on the baseboard. The sec-
ond aspect is how to place and route the devices on the 
interconnection module. In view of the interconnection 
module, the complexity of the signal placement in a non‐
crossing location increases because some signals have to 
pass through the other bridge group, as shown in Figure 4A, 
in which the bridges are placed along two ZPACK connec-
tors consecutively. Otherwise, as shown in Figure 4B, the 
switch is placed at the center of the columns of bridges. The 
complexity of a crossing location is less than that of a non‐
crossing location. However, even if a crossing location has 
a lower complexity than a non‐crossing location, we select 
the non‐crossing location to reduce the complexity of the 
baseboard. For this reason, we placed two PCIe connectors 
on the baseboard side and one SRIO connector on the fan 
side, as shown in Figures 3A and 3B.

The clock tree for the interconnect module is com-
posed of one clock generator for the switch and four clock 

generators for the PCIe‐to‐SRIO bridges. The module has 
one switch, eight bridges and several EEPROMs that are 
connected through an I2C interface. Each EEPROM has a 
role in setting and controlling the devices during the boot‐
up sequence.

3.2 | PCB stack‐up
In this study, we designed and tested two types of stack‐up 
PCBs, which do not use the orthogonality or a high loss mate-
rial to reduce the crosstalk. To stack‐up the PCBs having mul-
tiple layers, we can apply the PCBs as shown in Figures 5 and 
6. The difference in both is the placement of the signal layers 
between the power planes. T1–T4 SRIO signals in Version 
1 are placed between layers 6 and 7. The other high‐speed 
signals, including T5–T8 SRIO and PCIe signals, are placed 
in layers 3 and 9, respectively, and do not overlap each other. 
The T1–T4 SRIO signals in Version 2 are placed on layers 

F I G U R E  3  Two types of connections between compute node 
and interconnection board on baseboard: (A) Non‐crossing and (B) 
crossing
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F I G U R E  4  Device placement of interconnection board 
according to the connector location on the baseboard: (A) Non‐
crossing and (B) crossing locations
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F I G U R E  5  Board stack‐up and high‐speed signal of Version 1

(mm) Signals Thickness(medium) Width

Layer 1 Low speed signals 0.037(0.06) 0.08

Layer 2 Ground 0.035(0.1)

Layer 3 PCIe(T1, T3, T5, T7) : Rx/Tx 
SRIO(T5~T8) : Rx/Tx 0, 1 lane, Under SRIO(Rx) 0.035(0.1) 0.08

Layer 4 Low speed signals 0.035(0.1) 0.08

Layer 5 Ground 0.035(0.12)

Layer 6 PCIe(T2, T4, T6, T8) : Rx/Tx 
SRIO(T1~T4) : Rx/Tx 2, 3 lane, Under SRIO(Rx) 0.035(0.1) 0.08

Layer 7 PCIe(T2, T4, T6, T8) : Rx/Tx 
SRIO(T1~T4) : Rx/Tx 0, 1 lane, Under SRIO(Tx) 0.035(0.12) 0.08

Layer 8 Ground 0.035(0.1)

Layer 9 PCIe(T1, T3, T5, T7) : Rx/Tx
SRIO(T5~T8) : Rx/Tx 2, 3 lane, Under SRIO(Tx) 0.035(0.11) 0.08

Layer 10 Low speed signals 0.035(0.1) 0.08

Layer 11 Ground 0.035(0.06)

Layer 12 Low speed signals 0.037 0.08

F I G U R E  6  Board stack‐up and high‐speed signal of Version 2

(mm) Signals Thickness(medium) Width

Layer 1 Low speed signals 0.012(0.06) 0.08

Layer 2 Ground 0.018(0.15)

Layer 3 PCIe(T1, T3, T5, T7) : Rx/Tx 
SRIO(T5~T8) : Rx/Tx 0, 1 lane, Under SRIO(Rx) 0.018(0.11) 0.08

Layer 4 Ground 0.018(0.15)

Layer 5 PCIe(T1, T3, T5, T7) : Rx/Tx 
SRIO(T5~T8) : Rx/Tx 2, 3 lane, Under SRIO(Tx) 0.018(0.11) 0.08

Layer 6 Ground 0.018(0.15)

Layer 7 PCIe(T2, T4, T6, T8) : Rx/Tx 
SRIO(T1~T4) : Rx/Tx 2, 3 lane, Under SRIO(Rx) 0.018(0.11) 0.08

Layer 8 Ground 0.018(0.15)

Layer 9 PCIe(T2, T4, T6, T8) : Rx/Tx 
SRIO(T1~T4) : Rx/Tx 0, 1 lane, Under SRIO(Tx) 0.018(0.11) 0.08

Layer 10 Ground 0.018(0.15)

Layer 11 Low speed signals 0.018(0.11) 0.08

Layer 12 Low speed signals 0.018(0.15) 0.08

Layer 13 Ground 0.018(0.06)

Layer 14 Ground 0.012 0.08
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7 and 8 depending on the lanes and low‐speed signals. The 
static signals in Version 2 are placed between layers 11 and 
12 because they suffer from noise, such as crosstalk, less than 
other high‐speed signals. The implemented boards are shown 
in Figure 7. Versions 1 and 2 can be directly mounted onto 
the proposed server. Version 1 has 12 layers with a thickness 
of 1.5T, and Version 2 has 14 layers with a thickness of 1.8T.

4 |  TEST AND TEST 
ENVIRONMENT

To probe and analyze the data from the interconnection 
boards, we used several pieces of equipment: a DPO70000 
oscilloscope, an SMIQ06B signal generator (Rohde & 
Schwarz), and an N9912A spectrum analyzer (Agilent). 
We also checked the link‐up status on the serial link using 
an I2C adaptor. To evaluate the crosstalk in each lane, we 
chose a specific lane as an aggressor lane, and the others 
as victim lanes. In the aggressor lane, we applied a 0 dBm 
sinusoidal signal at 2.5 GHz, which is half of the speed 
of a 5 Gbps SRIO. To effectively show the results of the 
crosstalk, we normalized them as percentages. In addition, 
we repeatedly executed the above procedure on the other 
lanes. We also checked the S21 parameter for T1 Versions 
1 and 2, such as from lane 0(1) to lane 1(0), from lane 0(2) 
to lane 2(0), from lane 0(3) to lane 3(0), from lane 1(2) to 
lane 2(1), from lane 1(3) to lane 3(1), and from lane 2(3) 
to lane 3(2).

4.1 | Link‐up test
The basic function of the interconnection modules is a link‐
up that creates a relationship for communicating with a 
switch and bridges. Therefore, we first checked the link‐up. 
In Version 1, all links make the link‐up, except for T1 and 
T2. However, all the links in Version 2 make the link‐up, as 
described in Table 2.

4.2 | Bit error rate

4.2.1 | Version 1
Figures 8 and 9 show eye diagrams of the received signals on (a) 
T1 lane 2 and (b) T2 lane 3 of Version 1. As shown in Figure 8, 
the signal's eye is closed, and the bathtub is atrocious in T1 and 
T2. Nevertheless, even if the eye diagram in Figure 9 is on the 
same module, the eye diagrams of both T6 and T7 are opened.

The eye diagrams of the received signals on T1 and 
T2 are closed, and the eye height and opening width of 
T1 are 229.9 mV and 83.2 ps, respectively. In addition, 
BER@10E‐12 is 0.029UI (unit interval, 1UI = 200 ps [5 
Gbps]). In the received signal on T2, the height and width 
of the eye are 273.1 mV and 129.2 ps, respectively. The 
BER@10E‐12 is 0.183UI and the lengths of the signals in 
Figure 8 are over 200 mm.

As shown in Figure 9, the eye diagrams of the received 
signals on T6 and T7 are opened. Some of the eye diagrams 
overflowed in the mask because we did not use a long run 
mask for these signals. The signal length of the T6 and T7 
link is not over 200 mm, unlike that of the T1 and T2 link. 
In these cases, we simulated the differential impedance using 

F I G U R E  7  Interconnection modules: Versions (A) 1 and (B) 2

(A) (B)

T A B L E  2  Link‐up status of versions 1 and 2

Link‐up Version 1 Version 2

T1 × O

T2 × O

T3 O O

T4 O O

T5 O O

T6 O O

T7 O O

T8 O O
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Cadence PowerSI and obtained 101.9 or 111.5 ohm for T1 
and T2, respectively. However, it fails to link up on some 
links of module Version 1, that is, T1 and T2. There were 
several errors, such as 8b/10b, on the other links despite the 
fact that they were linked up.

4.2.2 | Version 2
We designed and implemented the stack‐up style shown 
in Figure 6, and the signal length was restricted to under 
200 mm. As shown in Figures 10 and 11, the eye dia-
grams are opened, and all links of Version 2 are linked up 
perfectly.

For the T1 received signal, the height and width of the eye 
diagram are 493.6 mV, 181.6 ps, respectively. In addition, its 

BER@10E‐12 is 0.778UI. The lengths of the signals shown 
in Figure 10 are about 200 mm, and the T2 BER @10E‐12 is 
0.781UI, T6 is 0.756UI, and T7 is 0.826UI.

4.2.3 | Comparison of BERs
As shown in Figure 12 and Table 3, we obtained worse BER UIs 
from T1 to T4 in Version 1 than that in Version 2. T1 to T4 de-
vices belong to the first column on the each board. Remarkably, 
the average UIs of T1 and T2 in Version 1 are about 0.3UI and 
0.38UI each, which were worse than the other link UIs on the 
same board. In the case of T3 and T4, which belong to the first 
column in Version 1, their signal lengths are about 200 mm, and 
its UI is 0.64 and 0.53 respectively. The UI of T3 and T4, which 
belongs to the first column in Version 2, is 0.79 UI.

F I G U R E  8  Eye closed, received signals on ver. 1 (over 200 mm): (A) Eye H 222.9 mV, W 83.2 ps, 0.029UI BER@10E‐12, line length 
233.1 mm and (B) Eye H 273.1 mV, W 129.2 ps, 0.183UI BER@10E‐12, line length 238 mm (short run mask), probed using DPO70000 Tektronics

(A) (B)

F I G U R E  9  Eye opened, received signals on ver. 1 (less 200 mm): (A) Eye H 568.0 mV, W 176.1 ps, 0.762UI BER@10E‐12, line length 
73.8 mm and (B) Eye H 634.0 mV, W 179.4 ps, 0.807UI BER@10E‐12, line length 48.9 mm (short run mask)

(A) (B)
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F I G U R E  1 1  Eye opened, received signals on ver. 2 (less than 200 mm): (A) Eye H 808.2 mV, W 179.9 ps, 0.756UI BER@10E‐12, line 
length 66.8 mm (B) Eye H 773.7 mV, W 186.9 ps, 0.826UI BER@10E‐12, line length 67.5 mm (long run mask)

(A) (B)

F I G U R E  1 2  T1–T8 receive BER of each lane in version 1 and 2 modules
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F I G U R E  1 0  Eye opened, received signals on ver. 2 (over 200 mm): (A) Eye H 493.6 mV, W 181.6 ps, 0.778UI BER@10E‐12, line length 
200.9 mm and (B) Eye H 476.1 mV, W 181.9 ps, 0.781UI BER@10E‐12, line length 200.8 mm (long run mask)

(A) (B)
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4.3 | Crosstalk voltage
The single interconnection module supports a maximum 
of 800 Gbps, and thus, there are a number of signals placed 
and routed on the board. In the case of a high‐speed signal, 
a differential signal is generally used to reduce some of the 
noise. However, even if a differential signal is used, there will 
be some noise caused by adjacent signals, which is shown 
as crosstalk. In general, to reduce crosstalk, the distance be-
tween two signal traces should be three‐times the width away. 
Reducing the crosstalk has been tested using several methods, 
including crossing patterns having an alternate polarity and 
inserting a ground through holes around the signal patterns 
[6,27].

First, we measured the BER of all the lanes and subse-
quently checked the crosstalk voltage on the interlane, as 
shown in Figure 13. In the case of the crosstalk voltage, we 
normalized the voltage data as follows:

The aggressor lane is injected using a signal of 0 dB-
m@2.5GHz, which is half the frequency of 5 GT/s. The 
graphs shown in Figure 14 show the rate of crosstalk voltage 

by a victim to an aggressor in terms of percentage. For ex-
ample, if lane 0 is injected at 0 dBm, the power rate in lane 
0 becomes 100%, as shown in (1), and lane 0 becomes the 
aggressor. In this case, other lanes become the victims. In 
Versions 1 and 2, the rates of crosstalk voltage from T5 
to T8 were generally very low values of under about 15% 
(16.7 dB).

In particular, in Version 2, there were no lanes above a 
rate of crosstalk voltage of 15%. However, in Version 1, from 
T1 to T4, the rate of crosstalk voltage was generally unstable. 

(1)Rate(%)=
Victim voltage

Aggressor voltage
×100.

F I G U R E  1 3  Test environment for S21 of adjacent lanes and 
spectral power of adjacent lanes using spectrum (network) analyzer

F I G U R E  1 4  Rate of crosstalk voltage by each lane; if L0 is 100%, it is an aggressor lane and the other lanes are victims

mailto:dBm@2.5GHz
mailto:dBm@2.5GHz
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F I G U R E  1 5  T1.S21 parameter, N(NEXT) and F(FEXT), Version 1 Lane 0(1)–1(0)/0(2)–2(0)/0(3)–3(0)/1(2)–2(1)/2(3)‐3(2)/1(3)‐3(1)



680 |   KWON et al.

F I G U R E  1 6  T1.S21 parameter, N(NEXT), and F(FEXT), Version 2 Lane 0(1)–1(0)/0(2)–2(0)/0(3)–3(0)/1(2)–2(1)/2(3)‐3(2)/1(3)‐3(1)
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Moreover, there were specific lanes in which the rate of 
crosstalk voltage was over 40%.

4.4 | Insertion loss
To steadily transfer the signal, the insertion loss must be low 
in the same lane. However, to reduce the crosstalk, the inser-
tion loss in the other lanes must be high. As shown in Figures 
15 and 16, there were S21‐parameters of T1 in Versions 1 and 
2. We defined SelfS21 as an S21‐parameter of an aggressor 
lane itself and defined IntS21 as an S21‐parameter between 
an aggressor lane and a victim lane. Each SelfS21 is shown to 
be similar to other lanes, but the value of SelfS21 in Version 
2 was 3 dB higher than that in Version 1. SelfS21 of Version 
1 was –19.7 dB, and SelfS21 of version was −16.5 dB, on 
average from 2.4 GHz to 2.6 GHz.

As shown in Figure 15, the difference between SelfS21 
and IntS21 in each lane was irregular except for 03F/23F at 
over 20 dB. The difference between SelfS21 and InstS21 
in some lanes, namely, 13N (NEXT)/F, 02N/F, and 12N, 
was under 10 dB. In the case of Version 2, as shown in 
Figure 16, SelfS21 and InsS21 stablely maintained their 
difference, which was about 25 dB–43 dB. These results 
are directly related with the BER and the rate of crosstalk 
voltage, as we described previously. In the case of the dif-
ference between SelfS21 and IntS21, having a small value, 
the BER and the rate of crosstalk voltage were also low and 
high, respectively. As a result, the signal integrity was poor.

5 |  EXPERIMENTAL RESULTS

The signal lengths of the lanes on T1–T3 were longer than 
those on the other links (T5–T8), which were about 190 mm 
to 240 mm. The BER on T1–T3 of Version 1 was about 
0.029 UI–0.659 UI, but for Version 2, it was about 0.733 UI–
0.807 UI. In particular, the link‐up of T1 and T2 failed in 
Version 1, because the worst signal integrity was present in 

that module. As described in Table 3, the length of T5–T8 was 
about 49 mm to 103 mm. The links of the module in Version 
1 were probed by 0.436 UI–0.845 UI BER@10E‐12, and 
the module of Version 2 was probed by 0.705 UI~0.813 UI. 
Overall, the link statuses of the module of Versions 1 and 2 
in T5 through T8 were similar. As shown in Figure 17, the 
signal integrity, UI, reached below 0.6 UI as the signal length 
increased for greater than 200 mm. However, in Version 2, 
the signal integrity maintained good quality, even if the sig-
nal trace increased.

For Version 1, there were several high‐speed signals on 
layer 3, layer 6, layer 7, and layer 9, and there was no power 
plane between layer 6 and layer 7 which were adjacent. The 
eye diagram, BER, crosstalk voltage, and insertion loss of 
SRIO T1–T4 on layer 6 and layer 7 was not good, but that 
of SRIO T5–T8 on the other layers was good. There was a 
power plane between adjacent high‐speed signal layers in 
Version 2, and we obtained good results.

6 |  CONCLUSIONS

The proposed server supports an 800 Gbps bandwidth and 
high‐speed signals in SRIO at 5 Gbps/lane. We implemented 
two modules with different PCB stack‐up styles. The differ-
ences in Versions 1 and 2 of the modules were the signal 
length and style of the stack‐up. In Version 1, two signal lay-
ers were placed between the power planes, and in Version 2, 
one signal layer was placed between the power planes. The 
signal integrity of Version 1 deteriorated as the signal length 
increased, and in particular, it abruptly dropped when the sig-
nal length was over 200 mm. However, the signal integrity of 
Version 2 did not depend on the signal length, and all links 
were clearly linked up. The stack‐up of Version 1 could be 
used in high‐speed signals to limit the signal length, and that 
of Version 2 could be used in the high‐speed signals longer 
than Version 1’s signal length. In the future, we will con-
duct a data communication test of the modules on the pro-
posed server and apply the results to other systems, that is, a 

F I G U R E  1 7  Relationship length and UI
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T A B L E  3  Signal length and BER of lanes in Versions 1 and 2

Link‐up

Version 1 Version 2

Rx (mm) UI (avg.) Rx (mm) UI (avg.)

T1 233.1 0.232 200.9 0.796

T2 238.0 0.382 200.8 0.752

T3 200.9 0.650 178.9 0.789

T4 208.9 0.525 187.1 0.787

T5 103.3 0.717 84.4 0.735

T6 73.8 0.795 66.8 0.777

T7 48.9 0.784 67.5 0.807

T8 59.4 0.801 48.9 0.802
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memory‐centric computing system that supports unique ac-
cess (e.g., Gen‐Z) to integrate all resources using high‐speed 
interconnection in a system.
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