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Abstract

Research into distributed multiple-input multiple-output (D-MIMO) systems has
gained increasing attention as a candidate technology for future 6G networks.
However, evaluating such systems under realistic implementation constraints re-
quires real-time testbeds that can capture effects such as synchronization, process-
ing latency, hardware resource usage, and radio-frequency impairments.

This thesis further develops the Lund University Large Intelligent Surface
(LuLIS) testbed. The testbed is a scalable, field programmable gate array (FPGA)
based testbed with 16 distributed nodes. The work consists of two main contri-
butions. First, a new distributed digital baseband architecture is developed to
increase the supported uplink processing capability from four to 32 users. The
architecture supports a distributed part of maximum-ratio combining (MRC) and
zero-forcing (ZF) detection schemes. Second, a front-end design for operation in
Frequency Range 3 (FR3).

The implemented digital baseband is evaluated in terms of functionality, la-
tency, and FPGA resource utilization, while the analog front-end is characterized
through measurements on an evaluation front-end. The results show that the base-
band design is functional but that the implementation should be improved in a
few ways, to reduce the use of BlockRAM resources on the FPGAs, and to reduce
the latency in certain configurations. The evaluation front-end demonstrated per-
formance similar to the theoretical estimates. The 16 channel front-end featured
an improved design based on further research and learnings from the evaluation
front-end but was not manufactured due to time constraints and potential for fur-
ther improvement. Together, these contributions extend the LuLIS testbed toward
larger-scale multi-user experiments and future upper-mid-band 6G research.
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Popular Science Summary

Imagine a room full of people with a large speaker in the middle. Everyone in the
room hears the same music, regardless of where they are standing. This is similar
to how today’s cellular base stations work: a single signal is broadcast over a wide
area for many users to share.

Now imagine replacing that one large speaker with an array of small directional
speakers. By cleverly controlling the speakers, sound waves corresponding to the
music of each person can be directed in space. This is similar to what in wireless
communications is called beamforming, and the system described is a close analogy
to how current mobile communications are meant to work.

To improve this, the array of speakers can be split up and spread throughout
the room. Each speaker array can more easily focus sound toward a specific
person, allowing different people to listen to different music at the same time with
less interference from one another.

With distributed multiple-input multiple-output (D-MIMO), the goal is to
coordinate all of the speaker arrays in the room so they work together as a single
system. The system tries to maximize the loudness and clarity of the music for
each person while minimizing interference from everyone else’s music.

Each speaker array also acts as a microphone array, listening to how the sound
reaches different microphones in the room. By sharing this information with the
other arrays, the system can continuously adjust which speakers transmit which
sounds, adapting in real time as people move around the room.

It’s easy to see that the more speaker arrays you have, the more precisely
they can direct sound, the more people you can serve simultaneously. In the same
way, D-MIMO uses many distributed antennas working together to increase both
network capacity and user performance. This thesis focuses on accelerating the
calculations necessary to focus the antennas and increasing the frequency range to
allow for more users in the future.
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Introduction

The demand for high-throughput and low-latency wireless communication contin-
ues to grow as society becomes increasingly interconnected. Emerging 6G systems
are expected to enable new applications such as integrated sensing and commu-
nication, edge computing, and autonomous mobility [1]. To meet these demands,
modern wireless systems rely on advanced multiplexing techniques to improve
spectral efficiency and support large numbers of users. While time division du-
plex (TDD) and orthogonal frequency division multiplexing (OFDM) have formed
the foundation of modern communication systems, increasing performance require-
ments have driven the adoption of spatial multiplexing techniques.

Since the introduction of 4G, multiple-input and multiple-output (MIMO)
systems have become a key technology for increasing throughput and improv-
ing spectral efficiency [2]. A natural extension of conventional massive MIMO is
D-MIMO, where base station (BS) antenna arrays are spatially distributed rather
than co-located. By distributing the antennas, D-MIMO can improve coverage
and increase macro-diversity. These advantages become increasingly relevant for
upper-mid-band systems, where large antenna arrays and distributed deployments
can provide the spatial resolution needed to separate users and support spatial
multiplexing (3, 4].

The Lund University large intelligent surface (LuLIS) testbed is the world’s
first real-time D-MIMO testbed with 256 antennas [5]. The testbed uses field pro-
grammable gate array (FPGA) development boards as the basic building blocks.
Real-time testbeds are important because they allow D-MIMO algorithms and
hardware architectures to be evaluated under practical constraints that are dif-
ficult to capture fully in simulation, such as synchronization, processing latency,
RF impairments, and resource limitations in the digital hardware.

The primary objective of this thesis project is to further develop the LuLIS
testbed to support spatial multiplexing for a larger number of user equipments
(UEs), while enabling operation in the lower part of Frequency Range 3 (FR3). The
project consists of both analog and digital development. The analog part focuses
on the design of a 16-channel front-end for operation at FR3 frequencies, while
the digital part involves developing a new distributed digital baseband capable of
supporting up to 32 UEs simultaneously.

The proposed front-end is intended to operate in the lower portion of FR3
range, between 7.4 and 8.5 GHz. Rather than targeting a specific band, the
frequency range was selected to avoid future licensing constraints while maintain-
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ing reasonable implementation cost and design complexity. The selected range
is motivated by both the Swedish Frequency Plan [6] and international indus-
try roadmaps. At the 2023 World Radiocommunication Conference (WRC-23),
the International Telecommunication Union (ITU) identified the 7.125-8.4 GHz
range as a so-called "golden band" due to its favorable propagation characteristics
and broad spectrum availability across multiple regions. Figure 1.1 illustrates the
spectrum availability identified by different organizations.

Compared to existing cellular frequency bands, the upper mid-band enables
substantially wider bandwidth allocations, allowing significantly higher through-
put. Although propagation losses increase with frequency, the path loss remains
considerably lower than in FR2 systems operating between 24.25 and 71.0 GHz [7].
Consequently, upper mid-band systems can achieve improved coverage with fewer
base stations while still benefiting from beamforming and D-MIMO techniques to
compensate for propagation losses through antenna gain [7].

Implementing large-scale multi-antenna systems at these frequencies intro-
duces significant hardware challenges. Each antenna element requires a dedi-
cated radio frequency (RF) signal chain, and when implemented using discrete
integrated circuits, careful layout becomes very important. Undesired coupling
between channels through capacitive, conductive, and inductive mechanisms in-
creases with frequency, as do transmission losses. As a result, the RF front-end
design must balance performance, complexity, cost, and scalability.

Review of frequency bands

REGION 1 I . l I N WRC23 |dent.|f|ed
Il \WRC27 candidate
REGION 2 - I Other Services
] = I Satellite
REGION 3 i NTIA Identified
3GPP BN FCC Identified
ATIS ' B [ | W ATIS Identified
N n 3GPP Identified
FCC | I | | | ] !
| | | | | !
NTIA §
NATO
5 10 15 20 2455 30

Frequency (GHz)

Figure 1.1: 6G spectrum availability [8].

Supporting 32 UEs is an important step toward making the LuLIS testbed use-
ful for larger-scale multi-user MIMO (MU-MIMO) experiments. While the current
four-UE configuration is sufficient for validating basic functionality, it represents
a lightly loaded system compared to the 256 available antenna elements. Increas-
ing the number of UEs allows the testbed to investigate scenarios where spatial
multiplexing, inter user interference, and the choice of detection and precoding
scheme have a larger impact on system performance. A target of 32 UEs still
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maintains a favorable antenna-to-user ratio of 8:1, while creating a substantially
more demanding and realistic processing workload. This makes it a suitable design
target for evaluating both the scalability of the distributed architecture and the
feasibility of real-time FPGA based processing.

1.1 Project requirements

e Implement high-throughput MIMO processing, enabling spatial multiplex-
ing of up to 32 UEs.

e Enable operation in the upper mid-band frequency range (FR3), from 7.4
GHz to 8.5 GHz.

e Provide cost-effective and scalable frontend and digital signal processing
(DSP) implementation solutions for large-scale deployment in the testbed.

e Integrate with the existing testbed with minimal modification to the overall
LuLIS system.

The thesis project is based on requirements defined by the Department of Electrical
and Information Technology (EIT). First, the proposed baseband improvements
should extend support from the current four UEs to 32 UEs. Second, the system
should support operation in the upper mid-band, specifically within 7.4-8.5 GHz,
which is considered a strong candidate range for the final 6G specification. Third,
the designs must be cost-effective and scalable, as the testbed comprises 256 RF
chains. Finally, both the frontend and baseband improvements should integrate
into the existing testbed with minimal modifications to other parts.

Due to the broad scope of the project requirements and the expertise needed,
the project is split up into two parts. Author A. Svensson is responsible for the
sub-project that focuses on the introduction of support for 32 UEs, while L. N.
Lundqvist is responsible for the support for FR3. This partition is reflected in the
structure of the report.

1.2 Previous Work

There has been plenty of research into MIMO systems in general. On the digital
baseband side there is no shortage of relevant work [9, 10, 11, 12]. However, these
works are not designed with LuLIS in mind, they are generally larger in scope, and
most are designed for a centrally processed system. Nonetheless, we note that the
use of systolic arrays (see section 2.3.1) for matrix multiplications is prominent.

For the analog front-end, examples of similar work can be found. But they are
generally for evaluation purposes, and do not scale cost-wise in the way necessary
for the LuLIS testbed, where 256 channels are needed [13, 14], and are not directly
compatible with ZCU216 currently used. Generally analog front-end design for
FR3 has not been done at this scale and other designs found have less than 16
channels.
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1.3 Outline

The report initially, in chapter 2, goes over key wireless communications concepts
before explaining the current LulLIS testbed in greater detail. Thereafter other
relevant concepts are introduced. After that chapter 3 and 4 cover the design
processes and methods for the digital and analog parts, respectively. Results are
presented and discussed in chapter 5 and concluding remarks are given in chapter
6.



Chapter 2

Background & Theory

In this chapter we will create context that is important in order to understand the
project. Initially, a few concepts specific to modern wireless communication will
be introduced. Thereafter, armed with this knowledge, an overview of the LuLIS
testbed will be given. Finally some complementary theory will be presented.

2.1 System
2.1.1 OFDM

In the latest two generation of wireless communications, OFDM has been the
dominating transmission scheme and is going to be the primary frequency division
multiplexing used in 6G as well. The reasons for using OFDM in MIMO systems
are many: It divides the bandwidth into many subcarriers that can be treated
individually with the linear precoding schemes. The subcarriers are orthogonal,
which removes the need for guard bands and it can utilize fast fourier transform
(FFT) and inverse fast fourier transform (IFFT) for efficient implementation.

The main principle of OFDM is splitting a large bandwidth into smaller sub-
carriers. By choosing the spacing such that each subcarrier falls on the trough
of the neighbouring carriers, interference between subcarriers can be minimized.
Assume that there is a a rectangular function

1, —I<t<?i
ry=4" 2='%2 (2.1)
0, otherwise

that represents a subcarrier holding a value for 7 amount of time. Its Fourier
transform X (f) is

F(z(t)) = X(f) = 7sinc(rf) . (2.2)

By choosing the spacing between subcarriers to be 1/7, we can see in Figure 2.1
that ideally, the magnitude of all subcarriers are zero except one. The important
take away for this work is that the symbol time and subcarrier spacing are inversely
proportional. If, for example, one would require more time in an OFDM frame the
solution is probably to add symbols rather than change their time duration [15].
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Figure 2.1: Example of% spacing used in OFDM.

2.1.2 MIMO

Multi-antenna systems can greatly increase throughput and improve coverage
hence the wide adoption of MIMO in nearly all modern wireless technology. MIMO
is a broad term that covers many approaches that use the spatial dimension to
increase throughput, robustness or coverage. MU-MIMO is for us the most inter-
esting type, separating multiple users in space, see Figure 2.2.

H

R Y s
BS J4 1 UE 3

N

AM UE K
<

Figure 2.2: MU-MIMO diagram where a BS has M antennas, ser-
vicing K UEs.

2.1.3 Linear Detection and Precoding schemes

When the ratio between the number of antennas at the base station and number
of UEs is large, linear detection and precoding schemes perform nearly as well as
more computationally complex non-linear schemes [16]. The individual channels
to each user become easier to separate when the number of antennas increase.
These linear schemes also take advantage of the fact that the wireless channels
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that distort signals between transmitter and receiver can be modeled with a linear
filter H plus some Gaussian noise n [17],

y = Hs 4+ n, yneCM seCl, HeCM*E n~N:(0,0%). (2.3)

There are two linear schemes that are of interest to us, zero-forcing (ZF)
and maximum-ratio combining (MRC). The core principle for both methods is
to approximate the channel matrix H by using predetermined pilots. Each UE
transmits a known pilot value. The BS approximates H with H,

H=ys*=H+ns". (2.4)

For MRC, the hermitian of the channel approximation HY is used as detection
matrix for uplink data (ULD) symbols and H* is used for precoding downlink
data (DLD) symbols:

z=H"y x=H*u. (2.5)
Similarly for ZF,

z=H'y, x=H"Tu, (2.6)
where HT is computed by

H =G 'HY, G=8H"H. (2.7)

MRC is simple to compute compared to ZF as the dreaded matrix inversion
is avoided entirely. It works by combining the signals from each antenna in such
a way that the signal to noise ratio (SNR) is maximized at the intended UE [17].
However, MRC does not account for inter-user interference, and in multi-user
MIMO there are more than one receiving UE, which is often better served by a
ZF scheme. Instead of maximizing SNR at the targeted user, the ZF algorithm
attempts to cancel out interference to the other receivers in the cell. But by
doing this ZF sacrifices some of the SNR at the target UE. The drawback of
having to compute a matrix inversion is lessened by the fact that the gramian
matrix G = HH is diagonally dominant, which allows for certain approximative
methods.

2.1.4 Time Division Duplex and OFDM Frames

TDD means that time is divided up in some way so that during certain time
intervals one is receiving, and during others, one is transmitting. The downside
is that one cannot receive and transmit at the same time, as that is prohibited.
TDD is however incredibly well suited to the detection schemes discussed in the
previous section, 2.1.3. The reciprocity of the channel is exploited so that the
uplink pilot (ULP) is sufficient for both downlink and uplink communication. Each
frame starts with a ULP being sent from the UEs. The BS estimates the channel H
and calculates G. The UEs transition into sending data while the BS is inverting
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uLpP uLD uLD >< DLD DLD ><

Figure 2.3: An example OFDM frame. The frame includes one ULP,
two ULD, and two DLD symbols.

G. When the TDD mode of the system changes, the BS has been given enough
time to be finished with computing H.

An example OFDM frame can be seen in Figure 2.3. The crosses represent
guard symbols. A guard symbol is an empty symbol meant to protect ULD against
inter symbol interference (ISI) from DLD and vice versa. They also give time for
hardware to be configured for the next TDD mode. However, interference between
symbols is not only an issue between TDD modes. Symbols can experience ISI from
previous symbols due to delay in the channel, but instead of having a guard symbol
between every normal symbol, the common approach is to extend the duration of
each symbol with a so called cyclic prefix. The length of the cyclic prefix is such
that all ISI appears on the prefix instead of on the symbol. Before the symbol
is passed to the FFT, the prefix is removed, so that subcarrier orthogonality is
maintained [15].

2.1.5 Coherence Bandwidth and Coherence Time

In the previous couple sections two techniques for detection and precoding were
presented. One assumption is that the channel approximation that is based on the
known ULP symbol stays valid for the entire remainder of the frame. This is only
true if the time coherence T, of the channel is longer than the total frame time.
In the same way, another assumption is that the channel approximation is valid
for all the subcarriers. This is only true if the total bandwidth of the subcarriers
is smaller than the coherence bandwidth, B..

We will not go into the details of the physics behind coherence bandwidth
and time. We will simply note what importance they have to us. Coherence time
limits the possible length of the chosen frame, as by the end of it the channel
approximation is outdated. Similarly, the coherence bandwidth limits the number
of subcarriers we can assume experience the same channel. The consequence is
that the schemes discussed in section 2.1.3 must be performed for each group of
neighboring subcarriers such that the total bandwidth of the subcarriers does not
exceed the coherence bandwidth [17].

Of course, both coherence bandwidth and time can vary over both time and
frequency but we will not consider this. We will see them as upper bounds for the
system as a whole.

2.1.6  Current LuLIS testbed

The LuLIS testbed is a research project funded by SSF [5], with the main objective
of developing the processing architectures and hardware solutions to enable this
type of distributed massive MIMO systems. The testbed is comprised of 16 panels
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with 16 antennas each, see Figure 2.4. Each panel uses a ZCU216 RFSoC Evalua-
tion Kit as its base. The ZCU216 is a high performance FPGA board specifically
developed with RF use cases in mind. Most notably, the ZU49DR FPGA chip
includes integrated RF-ADCs and RF-DACs. All the panels operate as one BS
but in a distributed fashion.

Internet

Application
acutators .
processing,
controller §
storage and

remote access

server

Large Intelligent Surface Testbed

! it
1
oL
g Remotely

controlled
experimental
platforms

Figure 2.4: High level overview of LuLIS testbed.

OFDM is used as the transmission scheme of the testbed. A 50 MHz carrier
is populated with 600 transmitted subcarriers. The subcarriers are spaced in
frequency by intervals of 60 kHz, giving a symbol time of 16.67 us, including the
cyclic prefix that is 19.05 us. The frame structure is as described in section 2.1.4.
The current distributed digital baseband only supports four UEs. We summarize
the specifications in Table 2.1 below.

Table 2.1: OFDM parameters used on the LuLIS testbed.

Parameter Value
Carrier bandwidth 50 MHz
Number of transmitted subcarriers 600
Subcarrier spacing 60 kHz
Useful symbol time 16.67 us
Symbol time including cyclic prefix  19.05 us

Frame structure

As described in Section 2.1.4

The linear schemes presented in section 2.1.3 are used in a similar way to how
they would be used on a traditional MIMO BS. The channel estimation (2.4) is
performed on each panel p and stored locally as ﬂp. Similarly each panel calcu-
lates the gramian G, = I:IEI-ip (2.7). G, is transmitted to a central processing
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node to be aggregated and inverted, but crucially I:Ip is only used locally, reduc-
ing the required bandwidth between panels. The split between central and local
computation is shown in (2.8) [18].

Local: Central:
I:Ip =yps* G '= (Zp G,)~"
G, = PIEpr ZMRC = ), ZMRCp (2.8)
zurep = Hlly, zzr = G lzyge
Xp = I:I;V v=(G HTuor Y
pe MRC

Figure 2.5 shows a closer look at the internals of one LuLIS panel. The high-
lighted blocks represent the parts that will be redesigned in this project. As you
can see, each ZCU216 is connected to a custom 16 channel front-end that was
designed for direct conversion using the RF-ADC and RF-DAC. The specifica-
tions are available in Tables 2.3 and 2.4 respectively, both the digital to analog
converter (DAC) and analog to digital converter (ADC) have 14 bit resolution,
but the effective number of bits is largely dependent on the clock source and its
phase noise. The ADC has a maximum input power of 1 dBm but as stated in the
comments/conditions column it features a programmable attenuator which allows
for higher power levels and better dynamic range. The ADC sample rate is limited
to 2.5 GSPS however it features a digital down converter allowing it to be used
up to 6 GHz. The DAC is limited to 10 GSPS and the full-scale output power
can be varied from -18.5 to 6.5 dBm, however the span decreases with frequency.
The current front-end specifications can be seen in Table 2.2. Each front-end is
connected to a custom 16 antenna array.

N \
OFDM / Digital frontend / FFT D:gc/ <> Filter —j
2 x (TbD
Switch +
PA/LNA)
.2 DAC / i
OFDM / Digital frontend / FFT ADC <> Filter —
Distributed

Digital .

‘L[UFDM / pigital frontend / FFTH D:gc/ HFilterfj/
2 x (TbD
Switch +
] PA/LNA) j/
OFDM / Digital frontend / FFTH D:gc/ <> Filter —

ZU49DR FPGA y \ Analog Frontend /

Baseband
Fronthaul

Figure 2.5: LuLIS panel overview.
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Table 2.2: Current front-end specifications.
Transmit
Gain [dB] 34.5
Max Input Power |[dBm)| -9.5
Output Power Compression [dBm]| 25
Frequency [MHz] 3700-3980
Receive
Gain (high mode) [dB]| 32.5
Gain (low mode) [dB] 13.5
Noise Figure |dB| 3.6
Frequency [MHz| 3700-3980
Table 2.3: ZU49DR RF-ADC specifications [19].
Parameter Comment / Condition Min Typ Max Unit
Resolution — 14 — — bits
Full-scale input Input with 100 Q on-die termination and DSA - 1 - dBm
attenuation set to 0 dB
Digital attenuation range - 0 — 27 dB
Attenuator step size - - 1 - dB
Auto attenuation Automatically set when amplitude over- - 15 - dB
voltage is asserted
Analog input bandwidth Full-power bandwidth, —3 dB — 6 - GHz
Return loss Up to 4 GHz - —12 - dB
Crosstalk isolation be- 0-4 GHz - —75 — dBc
tween channels
Table 2.4: ZU49DR RF-DAC specifications [19].
Parameter Comment / Condition Min Typ Max Unit
Resolution - 14 - - bits
Sample rate -2E, -2I, and -2LI speed grades without clock 0.5 — 9.85 GS/s
forwarding; datapath modes 2, 3, and 4
Maximum output power Vbac avrT = 3.0 V, 100 Q termination, —18.5 — 6.5 dBm
signal frequency < 200 MHz
Variable output power At 240 MHz 24 — — dB
range
At 3500 MHz 20 - — dB
At 4900 MHz 18 dB
At 5900 MHz 17 - - dB
Analog bandwidth Full-power bandwidth, —3 dB - 6 — GHz
Return loss, Ry, Up to 4 GHz — —12 — dB
Up to 6 GHz - —10 — dB
Crosstalk isolation FouTt = 0-4 GHz —75 dBc
FouTt = 0-6 GHz — —70 - dBc
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2.2 Analog Front-end

2.2.1 Superheterodyne

A superheterodyne is an architecture where a high frequency signal is down-
converted to a lower intermediate frequency when receiving, and the intermediate
frequency signal is up-converted to a high frequency signal when transmitting. The
process of combining a low and high frequency signal is known as heterodyning.

The majority of the amplification is done at the intermediate frequency, this
allows for much greater amplification due to the lower frequency and bandwidth
required. In the superheterodyne architecture the intermediate frequency (IF) is
fixed and the LO is swept to vary the frequency at which signals are received. A
band-pass filter on the IF then removes unwanted frequencies. A filter on the RF
side determines the range of frequencies that can be received or transmitted and
can thus avoid images and other disturbances. An example of a superheterodyne
receiver can be seen in Figure 2.6.

Antenna
Intermediate frequency
Mixer
THE L
Ly Ly —
TR TR
RF filter IF filter
Low-noise amplifier IF amplifier

Local oscillator

Figure 2.6: Block diagram of a basic superheterodyne receiver.

2.2.2 Noise Figure

Noise figure is a metric of how much the signal to noise ratio of a signal is degraded

by a device or system.
SNR;

F =
SNR,
where SN R; and SN R, are the input and output signal to noise ratios respectively.

(2.9)

NF =10log F (2.10)

Where NF is the noise figure expressed in decibels.

2.2.3  Friis formula

Friis formula is used to determine the noise figure of a multi-stage system.

-1 F3-1 Fy—1 F, -1

Fiota = F I N
e e e N e e N e NI e e AT B

(2.11)



Background & Theory 13

Where F;, GG1 is the noise figure and gain of the first stage in the system and so
on. The significant take-away is that the noise figure is dominated by the first
stage of the system and that a higher initial gain will suppress the noise-figure of
the other stages.

2.2.4 Transmission lines

The characteristic impedance is critical in RF design as most RF devices are de-
signed to have a characteristic impedance of 50 2. This is important as impedance
mismatch between the load Z, and the source impedance Z, will result in reflec-
tions which reduces the power into the load.

A transmission line is a cable or structure designed specifically to propagate
electromagnetic waves. The theory of transmission lines is closely related to char-
acteristic impedance. An infinitesimal segment of a transmission line is represented
as in Figure 2.7.

Figure 2.7: Transmission Line Model.

R+jwlL [L
Z, = ﬁj:}uc ~ \/; for a loss-less line (2.12)

R, L and C represents the resistance, inductance and capacitance per unit length.
G is the conductance of the dielectric per unit length. Z, is the characteristic
impedance of an infinitesimal segment of the transmission line [20].

Transmission lines on printed circuit board (PCB)s

On PCBs there are three major types of transmission lines with unique character-
istics which will be shown below.
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It
Dielectric h

Ground plane
Figure 2.8: lllustration of a microstrip.

Microstrip is the simplest kind of transmission line. It consists of a conductor
on an external layer over a ground plane and separated by a dielectric. Microstrip
has slightly higher losses compared to a waveguide. It is also more susceptible to
coupling and radiates more compared to stripline [21].

Ground plane

hi
w
—
Tt
Dielectric ho

Ground plane
Figure 2.9: lllustration of a stripline.

Stripline is similar to microstrip, but the trace is on an internal layer and
surrounded by ground planes on either side separated by a dielectric. The line
being surrounded on top and bottom provides shielding and good isolation to

other signals [21].
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Ground w Ground
—
.S Tt
Dielectric h

Ground plane

Figure 2.10: |Illustration of a coplanar waveguide with ground
(CPWG).

Coplanar waveguide with ground (CPWG) is similar to a microstrip line but it
also has coplanar ground. CPWG is more sensitive to process variation in the PCB
manufacturing process as the thickness of the copper layers affects the capacitance.
The ground on the sides of the trace improves shielding and isolation as the field
is more contained [22].

2.2.5 Loss in transmission lines

The dielectric loss stems from the losses of the electromagnetic wave traveling in
the dielectric and the dielectric materials inherent dissipation of the wave’s energy.

At high frequency the skin-effect becomes prominent and the current can no
longer be assumed to be uniformly distributed in the conductor, instead it con-
centrates near the surface causing higher effective resistance and therefore losses.

2.2.6 Return & insertion loss

Return loss is a measure of how much power is reflected P, relative to the incident
power P; as a result of impedance mismatch. Typically expressed in dB or as
VSWR.

P
RLdB =10 loglo F (213)
1+ 10~ RE/20

If expressed as above the return loss will always be a positive number as the
incident power has to be greater than the reflected power, however the return
loss is often expressed inversely as a negative number. In both cases a greater
magnitude signify a better return loss and less reflection. An acceptable return
loss is considered to be >10 dB and a good return loss is >15 dB.

Insertion loss is a measure of how signal power is affected by passing through
an element. Defined as

P;
IL;p = 10logy, B (2.15)

where P; is the incident power and P, is the power after the inserted element.
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2.3 DSP Architecture
2.3.1 Systolic Array

The idea of systolic architectures is primarily to exploit the reuse of data in algo-
rithms and thereby lowering the necessary memory or I/O bandwidth [23]. Mul-
tiplication of matrices (2.16) is a good example of such an algorithm.

M-1
cij =Y aiby, i€[0:N,—1], je[0:N,—1]. (2.16)
k=0

Because each element in each matrix is multiplied by an entire vector of ele-
ments from the other matrix, it is clear that there is a high degree of reuse. Also,
because the algorithm for matrix multiplication is regular it is possible to create
a simple, regular topology of similar processing elements (PEs) to perform the
calculation, a so called systolic array. Each PE in the systolic array multiplies and
accumulates its’ current values with its’ previous result. When all the elements of
the rows/columns have been processed the result is outputted and the accumulator
is reset.

barw,
bara
ban
baw,
boa b1,
ba1 b1a
2%
ajy sr e Q12 a;p —» PE PE . PE
[SF] C12 CIN,
Qay =+ Q22 as PE PE P PE
e - [25) - C2N;,
aN,M == QN2 an,1 PE PE “ae PE
CN,1 CN,2 CN,N,

Figure 2.11: Model of output stationary systolic array for matrix
multiplication.

Assuming the systolic array in Figure 2.11 is fully pipelined, we can calculate
its throughput (T'P), latency (L) and number of PEs (A).

TPsystolic = NaNb ; (217)
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Lsystolic = Na + Nb +M -2 ; (218)

Asystolic == NaNb 3 (219)

The example in Figure 2.11 is not the only possible configuration of a systolic
array for matrix multiplication, other variations will balance performance and
resource use differently [24].
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Chapter 3

Digital Baseband Design

In this chapter, the design of the distributed digital baseband is presented in
parts. Initially we will summarize constraints and assumptions, then take a closer
look at the algorithms in question, and lastly the choice of architecture. In this
and coming chapters, the use of " to indicate an approximation will be foregone
for ease of reading. Similarly, for the remainder of the report, when mentioning
coherence bandwidth, B,, it’s described in terms of the amount of subcarriers,
with a subcarrier spacing of 60 kHz, for which the channel is flat.

3.1 Constraints and Assumptions

We will make some assumptions and apply some constraints regarding the choices
of coherence bandwidth B, the number of UEs K, and the number of total data
symbols per frame D. This is done to manage the scope of the design whilst being
flexible enough for research purposes.

Firstly, we will constrain the number of data symbols D to be no fewer than
4 and no larger than 16. With D < 4 the latency demands on the inversion of
the Gramian G will very likely be too high, even for a small K. With D > 16 the
coherence time of the channel might be insufficient.

Secondly, the chosen coherence bandwidth, B, is physically constrained by
the actual coherence bandwidth of the channel. This value is unknown, but for
implementation purposes we constrain the choice of the coherence bandwidth to
be between 4 and 16. Also, the choice of coherence bandwidth must divide the
number of data carrying subcarriers (600). That leaves us with the set B, €
{4,5,6,8,10,12,15}. Thirdly, to meet the goal of supporting up to 32 UEs, K €
[1:32]. We summarize in Table 3.1.

Table 3.1: Design parameter constraints.

Parameter Description Allowed values
K Number of UEs [1:32]
D Number of data symbols [4 : 16]
B, Coherence bandwidth {4,5,6,8,10,12,15}

Naturally, the design is also constrained by the available resources. Each dis-
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tributed node consists of one ZCU216 RFSoC development board, with a XCZU49
FPGA. The most critical resources are the BlockRAM (BRAM) and DSP slices.
In Table 3.2 the total number, and percentage that is used by other IPs can
be seen. That is, the utilization of all other subsystems on the FPGA. Ta-
ble 3.2 also includes other resource types: look-up tables (LUTSs), look-up table
RAMs (LUTRAMs), and flip-flops (FFs).

Table 3.2: XCZU49 FPGA resource overview.

Resource set LUT LUTRAM FF BRAM DSP
FPGA total 425280 213600 850560 1080 4272
Used 19% 5% 13% 30% 4%

Another important constraint is the bit width accepted by the DSP slices.
The Ultrascale+ family of FPGAs uses DSP48E2 slices that include one two’s
complement 27x18 bit multiplier [25]. The result is that if a bit width of more than
18 bits is needed the required resources will double. For the scope of this project,
the bit width will be kept at 16 bits with the possibility for future alteration if it
is necessary.

The future implementation of other subsystems will also require resources and
generally increase congestion during implementation. It is therefore important
that the design uses a proportionate amount of resources to allow for future work.

The efficiency and performance in terms of power consumption are not prior-
itized for the design. It extends the scope and implementation time significantly
and is of greater interest if one is doing an ASIC tape-out of the design.

Lastly, the digital front-end on the FPGA is using a clock signal generated by
the integrated ADC. This clock has a period of T, = 6.5ns. The aim is to use
the same clock for this new design, mainly to avoid having to deal with different
clock domains.

3.2 Algorithm Analysis

The operations that the accelerator shall perform are the local parts of the linear
processing schemes in (2.8). Each type of symbol, apart from the guard symbols, is
associated with some computations. For ULP the first calculation is the channel
approximation H, (2.4), as well as the calculation of the partial gramian G,
(2.7). Both ULD and DLD symbols require multiplications with either H;I or H,
respectively. We summarize this in Table 3.3 below.

3.2.1 Throughput Analysis

With the testbed supporting a total of 600 active subcarriers (Table 2.1), an
approximation for the total number of complex multiplications per frame can be
found:
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Table 3.3: Distributed operations for each symbol.

Symbol type Operations Sizes

ULP H, = y,s* (Mx1)by (1xK)
G, =HH, (K x M) by (M x K)

ULD zyrep = Hiy, (K x M) by (M x 1)

DLD xzrp = Hyv (MxK) by (Kx1)

1600
ULP -600M + —
# + 2 B,

MEK? + #ULD -600M K +#DLD - 600MK, (3.1

ULD DLD

ULP

where M is the number of antennas, K is the number of users, and B, is the
chosen coherence bandwidth. Note

e that the complexity of the calculation of G, is quadratic in K,
e that G, symmetry reduces the needed multiplications be roughly half,

e that G, does not grow linearly with the number of symbols like the other
operations.

The calculation of G, is instead performed once for each subcarrier group,
i.e. for all subcarriers that share the same channel approximation. Similarly, an
expression for the total time of the frame can be made based on the predetermined
OFDM symbol time Tsympor = 19.05 ps:

#ULP : Tsymbol + #ULD . Tsymbol + #DLD . Tsymbol + 2 Tsymbol ) (32)
ULP ULD DLD guard symbols

With the expressions (3.1) and (3.2), and the constraints on K, B, and the
number of data symbols (D = #ULP + #DLD), we find that the maximum
required throughput in terms of complex multiplications per second is

ComplexMultPerSecond = 13.2 Gemult /s (3.3)

Assuming that the already mentioned clock frequency of 154 MHz is used in
the design (see section 3.1), that corresponds to 85.7 cmult/cc. This maxima is
observed when all variables are maximized. We can conclude that the maximum
throughput requirement of the design is approximately 85.7 cmult/cc. However,
there are latency demands to consider.

3.2.2 Latency Analysis

There are two major latency demands that need to be met for the design. The first
is that there is a hard deadline on the DLD symbols. There is a finite time from
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receiving the centrally processed v until xzr, has to be passed to the digital front-
end. The second requirement is related. In order for the central processing node to
be able to perform the central part of the zero forcing algorithm, it must first invert
the gramian G. Inversion of matrices is a notoriously computationally demanding
operation and it is therefore crucial to give the central node as much time as
possible while keeping in mind the resource requirement of the implementation.

Tsymbt * (#ULD + 1)

[ 3!
€ P

ULP ULD uo | ... uLD uLD >< DLD

Frontend -> FFT IFFT -> Frontend

Tre TrE
Gy TZFp

Te, . TpLp
Fronthaul -> G™' -> Fronthaul

Tg

A
A4

Ttut

Figure 3.1: lllustration of delay model.

Since the LuLIS project is still at an early stage, the central node is not
yet capable of inverting matrices in real time, and the system has not yet been
configured for downlink communication. Therefore, the analysis aims to give a
good indication rather than a full picture of the delays in the system. In Figure
3.1 you find a diagram of the delays that we consider. Trg is the delay associated
with the digital front-end and FFT, Tg-1 is the time it takes for G, to be centrally
aggregated, G! to be calculated, and v = G~ !x to be distributed. Tg, and Tprp
are the delays that arise from the latency of the design. The delays in the analog
front-end are not considered as they are small in relation to the other delays.
Also, observe that it is likely the case that both ULD and DLD data are received
simultaneously by the design. In such cases DLD should be prioritized as ULD
has no deadline. Trg is known to be 25 us [18], Tg-1 is unknown but based on
the model presented in [18], we can approximate

Tk
2.25

where P = 16 is the number of panels, and T,;; = 6.5ns. The total delay T},
in Figure 3.1 is

Tag-1~2x087us x (P—1)+ K3, (3.4)

Tiot =2Trg +Tg, + Tprp +Tg-1 . (3.5)

Let us now investigate the Tprp delay. We define the latency to be the num-
ber of clock cycles from when the last v vector is received until the last xzp, is
outputted. To not incur any latency from lack of momentary throughput, the
design would have to be able to process max(KM) = 512 cmult/cc, significantly
more than 85.7 cmult/cc. The case for T¢, is similar. Because the channel approx-
imation H, = y,s* must be spread over multiple pilot symbols for B, < K, the
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same can be done for G, = H;IHP by tiling the multiplication. The worst case is
then max(K M) = 512 cmult/cc, since each vector of H, must both be multiplied
with it’s own hermetian, and the hermetian of one vector for each other UE. We
can calculate the delay caused by buffering, for a certain maximum throughput
tp, in the following way,

TDLD = GOOTClk max (M — 17 0) 5 TG = GOOTCUc max (16[( — 1, 0) .
tp P tp
(3.6)
In Table 3.4 the total T},; is tabulated for different values of tp and K, and
below, the fraction of T;,; that comes from buffering can be seen. Dividing T,
with Tsymbor we find the number of #U LD needed in each case:

z11501&
Tsymbol
which can be found furthest down in Table 3.4.

min(#ULD) = | ], (3.7)

Table 3.4: Total delay, fraction caused by buffering, and number
of needed ULD symbols for different number of UEs K, and
throughput tp.

Ttota [/LS]
K\tp | 85.7 128 256 512
8 81.42 77.58 77.58 77.58
16 103.43 95.73 87.93 87.93
32 209.56 194.16 178.56 170.76

(Tg, + TpLp)/Tot

K\tp | 85.7 128 256 512
8 2% + 2%
16 "% + ™% 4% + 4%
32 8% + 8% 6% + 6% 2% + 2%

min(#ULD)
K\tp | 85.7 128 256 512
8 4 4 4 4
16 5 4 4 4
32 11 10 9 8

We can see that there is a large difference in momentary throughput and the
average throughput requirement. There are a few things of note. Firstly, for
tp > 256 the delay contribution from buffering is dominated by Tz-1. Secondly,
when K is small the constraint on #ULD is not significant. Lastly, all ¢p choices



24 Digital Baseband Design

are possible if one chooses to include more ULD symbols than DLD, the issue
is that this reduces the flexibility of the whole system. We can conclude that
whatever throughput is chosen, the number of users will in some cases effect the
possible frame structures.

3.3 Architecture

We will now discuss the main considerations that went into the architecture of the
design as well as a description of the data-flow with this architecture. In Figure
3.2 you find a high level block diagram of the final design.

Distributed Digital Baseband

—
Channel
Matrix Output Handler
Memory
) J

i

Queue Handler ‘
Channel Approximation
Systolic Array

Ooon
Figure 3.2: Overview of distributed digital baseband.
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3.3.1 Architecture Choice

Observing the operations that the design shall perform it is clear that most of
them can be viewed as matrix multiplications. For the ULD and DLD -cases,
each channel matrix Hg or Hy, is shared by B. vectors that are in the same
subcarrier group. As mentioned in section 2.3.1, systolic arrays are well suited for
this. Accepting a small latency increase (2.18), we gain high throughput and low
memory bandwidth.

3.3.2 Systolic Array Dimensioning

The question then becomes what size of systolic array to choose. To match the
momentary throughput mentioned in section 3.2.2, a 32x 16 array would be needed,
the downside being a very high use of DSP slices. Alternatively, a 10 x 10 version
could be used, satisfying the average throughput requirement, but the T, and
Tprp delays would be on the order of tens of microseconds even when K is low.
In the end, a compromise was chosen: 16 x 16, giving a maximum throughput
of 256 cmult/cc. The delay introduced is noticeable, but significantly less than in
the 10 x 10 case. Looking at the minimum number of ULD symbols needed (in
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Figure 3.3: lllustration of the difference between having one lane vs.
four lanes in the systolic array.

Table 3.4), a further increase in the size of the systolic array gives diminishing
returns. The size also works well with the constraints set previously, M = 16 and
maz(B,.) = 15. Tiling is then only needed for K > 16, which simplifies the design
from a control and dataflow perspective.

3.3.3 Configurability

However, we need a way of handling when B, is chosen as one of the lower values,
e.g. 4. When K is small, the throughput requirement is lower and we can get away
with a low utilization of the systolic array. But when B, is small, the throughput
requirement is the same, but utilization will decrease.

Let us look at the example in Figure 3.3, where K = 16 and B, = 4. Without
modifications, the maximum throughput for a ULD operation (zymgrcp = Hgyp)
is 16 x 4 = 64 cmult/cc. This is because there are only four subcarriers that share
the same H,,. The solution we chose is to split the systolic array into 4 lanes that
can receive different side inputs, see Figure 3.3. This way the systolic array can
operate as four 16 x 4 arrays, two 8 x 16, or one 16 x 16. The reason to not split
it "horizontally" as well is that B, only constrains one of the matrices in each
operation, never both.

There will still be a slight decrease in throughput for some choices B,, causing
a few additional microseconds of buffering delay. The worst ones being when B,
is five and ten because the column utilization is at its lowest (~ 63%). One could
split the array even more to remedy this, but seeing as min(B.) = 4, even more
granularity would bring more problems than gains. The bloating of the control and
data-flow overhead was deemed to be too large compared to the latency reduction.

After the channel matrix estimations are made in the beginning of each frame,
they must be stored in some way to be accessed at a later time. Just as the systolic
array is split into four lanes, the channel matrix memory is split into four banks.
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Each bank stores complete channel matrix vectors, stored in such a way that they
are easily read in the order they are needed in the systolic array. All four banks can
be read from simultaneously, allowing for the throughput mentioned previously.

3.3.4 Data-flow

This section describes the data flow through the design for each supported symbol
type. The overall architecture is illustrated in the block diagram in Figure 3.2.
The one operation in Table 3.3 that is not a matrix multiplication is the
channel approximation: H, = y,s*. It is computed by a separate, dedicated
scalar multiplication block, which in Figure 3.2 is named Channel Approximation.
The s* values are loaded into the dedicated Pilot Memory during initialization.

Uplink Pilot (ULP)

The pilot symbol is received by the Input Handler and each of the 600 subcarriers
are passed to the channel approximation block. The resulting channel estimation
matrices H,, are routed both to the Queue Handler which pushes them into the
systolic array to compute G,, as well as the memory. If there are multiple pilot
symbols, the channel matrices from previous pilot symbols are simultaneously read
from the memory as they are also needed to compute G,,. The resulting tiles of
the G, matrix are fed to the Output Handler. The Output Handler temporarily
stores and repackages the tiled inputs into a complete G, matrix. Remember that
G, is symmetrical, all tiles don’t need to be computed. Once all pilots have been
processed, the complete gramian is outputted.

Uplink Data (ULD) and Downlink Data (DLD)

The data symbol arrives at the Input Handler. From there the vectors are for-
warded to the Queue Handler. The Queue Handler is also transferred the channel
matrices from the memory. Once the systolic array has performed the calculation
the resulting vectors are passed to the Output Handler, which outputs them.

3.4 Implementation

The design was implemented with a Scala based language called Chisel. Chisel is
an open source alternative to traditional hardware description languages (HDLs)
like Verilog and VHDL. The advantage of using something like Chisel is that the
underlying Scala infrastructure is used, which can make Chisel very powerful in
regards to for example code reuse and configurability. Chisel also has an integrated
simulation engine that was used to verify the design. The chisel code can be
compiled to Verilog, it was in this way imported to the Vivado design tool for
implementation.



Chapter 4

Front-end Design

This chapter describes the design process of the 2 channel evaluation front-end
as well as the 16 channel front-end and the associated LO splitter board. First
the method used for determining the architecture and components is presented,
which is followed by the frequency plan after which the architectures are evaluated
and compared. Lastly a breakdown of the 2 channel evaluation front-end, the 16
channel front-end and the LO splitter design is presented. The 16 channel front-
end refers to the board containing the 16 RF paths and associated circuitry which
connects to the ZCU216 RFSoC Evaluation Kit. The LO splitter is a stand-alone
board consisting of power splitters to split an incoming local oscillator signal and
distribute it to all mixers on the front-end board through SMA connectors. The
report does not cover the local oscillator generation or the distribution to multiple
distribution boards.

4.1 Method

Initially, the previous front-end was examined to identify components and ideas
that could be re-used and reference material for the RFSoC ZCU216 was exam-
ined to understand the features of the RF-ADC and RF-DAC. Thereafter dif-
ferent front-end architectures were studied and compared. Available components
were evaluated based on performance, cost and implementation complexity, based
on this calculations were done to estimate the performance and cost of different
implementations. Once the front-end itself was defined, the surrounding circuitry
such as voltage regulators followed a similar process. A two channel evaluation
front-end was designed and manufactured to evaluate the performance and iden-
tify problems before finalizing the design of the 16 channel front-end. In parallel,
a frequency plan was developed to determine filtering requirements and spur per-
formance.

4.2 Frequency plan

The existing system has a carrier frequency of 3.84 GHz and an analog bandwidth
of 280 MHz therefore this was used as the starting point for the frequency plan.
As the frequency range of interest is between 7.4 and 8.5 GHz, to maintain a
fixed IF such as in a superheterodyne architecture, the LO frequency would be
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between 3.56 and 4.66 GHz which unfortunately overlaps with the IF. This is an
issue because typically mixers do not have very good LO to IF isolation. In other
words the LO would be present on the IF as a large spur. Additionally, the 2 x LO
spur will overlap with the RF range. Sweeping the LO also requires the FPGA
to interface with an RF synthesizer which adds complexity thus it was preferable
to keep the LO fixed. This also means that the LO can be generated by a stand-
alone device and the wide bandwidth of the RFSoC can be used to shift the carrier
frequency.

The frequency plan was based on the spur amplitude table available in the
mixer datasheet[26] and the equations to calculate the frequencies of the spurs
according to equations (4.1) for IF spurs and (4.2) for RF spurs. In addition, the
image frequency was calculated according to (4.3), to evaluate whether an image
reject mixer would be necessary.

The largest spurs were assumed to remain at the same multiple of the LO, RF
and IF frequencies as in the mixer datasheet, since spurs are the result of leakage,
intermodulation or distortion and largely influenced by the type of mixer.

fspur = |(M - frr) — (N - fro)| (4.1)
fspur =|N - fro £ M - frp| (4.2)
fiv = fre —2fro for fro < frr (4.3)

The initial frequency plan based on a 3840 MHz intermediate frequency can be
seen in Table 4.1. As seen in the spur Table 4.2, the only viable frequency range
is 8210 to 8495 MHz as the spurs will otherwise be nearly impossible to filter with
a passive filter due to their proximity to the desired frequencies. And despite this
there are certain frequencies with large magnitude spurs which are still difficult to
filter.

Table 4.1: Frequency plan for a 3840 MHz IF, with a fixed LO.

Frequency Plan

PTS frequencies [MHz] 7427.1- 7581.1- 7900-  8210-
7568 7722 8185 8495
LO frequency |MHz| - - - 4510
Analog IF center frequency [MHz| - — - 3840
Analog IF bandwidth [MHz] - - - 280
Min RF frequency [MHz| - - - 8210

Max RF frequency [MHz| - - - 8490
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Table 4.2: Spur frequency tables for 3840 MHz IF. The first and
second value for a given M and N represent the spur bounds.
Red cells indicate dominant spurs by intensity. Green cell is the

desired frequency.

(a) Down-conversion IF output spur frequencies.

M N

0 1 2 3 4

5

0 - - 4510 4510 [ 9020 9020 13530 13530 | 18040 18040
1 8210 8490 3700 3980 810 530 5320 5040 9830 9550
2 16420 16980 11910 12470 7400 7960 2890 3450 1620 1060

22550 22550
14340 14060
6130 5570

(b) Up-conversion RF output spur frequencies.

M N
0 1 2 3 4 5
0 - - 4510 4510 | 9020 9020 13530 13530 18040 18040 22550 22550
1 3700 3980 810 530 5320 5040 14340 14060 18850 18570
1 3700 3980 8210 8490 12720 13000 - 21740 22020 26250 26530
2 7400 7960 2890 3450 1620 1060 6130 5570 10640 10080 15150 14590
2 7400 7960 11910 12470 16420 16980 20930 21490 25440 26000 29950 30510

For the 16 channel front-end, the frequency planning was revisited to improve
spur performance and better utilize the bandwidth of the RFSoC. The result was
the frequencies in Table 4.3, the spur table up to N =5 and M = 2 can be seen in
Table 4.4. This frequency plan contains some in-band spurs, however all are very
low magnitude for a double balanced passive mixer (<50dBc). For the RF the
M =2, N=2and M =2, N =1 spurs are the most problematic, overlapping

with parts of the frequency range but both have very low magnitude.

For IF

the important spurs are the M = 2, N = 2 and M = 2, N = 3 both with low

magnitude.
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Table 4.3: Frequency plan for 1860 MHz IF, utilizing the wide RF-
SoC bandwidth to cover the entire frequency range with a fixed

LO.
Frequency Plan

PTS frequencies [MHz] 7427.1- 7581.1- 7900~  8210-

7568 7722 8185 8495
LO frequency [MHz| 6100 6100 6100 6100
Analog IF center frequency [MHz| 1860 1860 1860 1860
Analog IF bandwidth [MHz| 1100 1100 1100 1100
Min RF frequency [MHz| 7410 7410 7410 7410
Max RF frequency [MHz| 8510 8510 8510 8510

Table 4.4: Spur frequency tables for 1.86 GHz IF. The first and
second value for a given M and N represent the spur bounds.
Red cells indicate dominant spurs by intensity. Green cell is the
desired frequency.

(a) Down-conversion IF output spur frequencies.

N
M
0 1 2 3 4 5
0 - - 6100 6100 = 12200 12200 18300 18300 | 24400 24400 30500 30500
1 7410 8510 1310 2410 4790 3690 10890 9790 16990 15890 23090 21990
2 14820 17020 8720 10920 2620 4820 3480 1280 9580 7380 15680 13480
(b) Up-conversion RF output spur frequencies.
N
M
0 1 2 3 4 5
0 - - 6100 6100 12200 12200 18300 18300 24400 24400 30500 30500
1 1310 2410 4790 3690 10890 9790 23090 21990 29190 28090
1 1310 2410 7410 8510 13510 14610 25710 26810 31810 32910
2 2620 4820 3480 1280 9580 7380 15680 13480 21780 19580 27880 25680
2 2620 4820 8720 10920 14820 17020 20920 23120 27020 29220 33120 35320

Finally due to the high IF the image frequencies are located far from the band
of interest and attenuated significantly by the RF filter. For down-conversion the
image frequency is located at

five = frr —2fro for fro < frr,
3690 MHz < frar < 4790 MHz.
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4.3  Architecture

The RF path can be divided into three main stages: the RF stage, the mixer stage,
and the IF stage, each containing separate transmit and receive paths. Although
these blocks may be combined in several alternative ways, certain configurations
are omitted for clarity. The purpose of this section is to identify suitable architec-
tures for both the evaluation front-end and the 16-channel front-end based on the
previously defined requirements. The considered architectures are first presented
and analyzed quantitatively, followed by a numerical comparison using represen-
tative components, as described in section 4.3.5.

4.3.1 Dual mixers

A traditional receiver/transmitter front-end features dual mixers, one for the re-
ceive path and one for the transmit path. This offers the lowest possible insertion
loss. However, in a TDD system both mixers are never used simultaneously, as
the mixer is quite expensive a single mixer architecture was preferred to save cost.

A dual mixer architecture can be seen in Figure 4.1. A switch is used instead
of a splitter to distribute the LO signal to the respective mixer since a switch has
lower insertion loss resulting in a lower LO power requirement and does not add
significant cost.

Switch

IF ampilifier

(RF) |

@ /\ Switch Mixer |
RF filter ‘
| X)

Mixer IF filter

TX/RX LNA IF ampilifier
I

Figure 4.1: Architecture with dual mixers, IF amplifier on both
transmit and receive paths.

4.3.2 Driver amplifier

A pre-amplifier stage before the power amplifier (PA) (also referred to as a driver
amplifier), such as in Figure 4.2 was considered. This is the typical arrangement in
most front-ends as it avoids mixer compression and has better spur performance,
although it is typically more expensive than amplification at the IF since the
amplifier has to handle the RF directly.
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PA Driver amplifier

X tch
SMA IF filter

IF amplifier

LO distribution board

<|><TX/RX7

Figure 4.2: Architecture with a driver amplifier before the PA.

4.3.3 TX IF amplifier

An architecture using intermediate frequency amplifiers in both the transmit and
receive paths is shown in Figure 4.5. In most front-end designs, IF amplification
is applied only in the receive path, since transmit-path amplification can cause
mixer compression and increased spur levels due to the higher mixer input power
[27]. Its main advantage over the driver-amplifier architecture is lower cost.

PA IF amplifier

SMA
(RF)

Swwlch

RF filter

IF filter

IF amplifier

<—<TX/RX7

Figure 4.3: Architecture with IF amplifier on the transmit path.

4.3.4 Integrated front-end

An architecture with an integrated front-end which has the TDD switch, PA and
low noise amplifier (LNA) built-in was also considered. The front-end ICs currently
available at these frequencies are quite expensive (and few) as the upper mid-band
is not widely used in commercial applications. The integration saves space which
would be advantageous in a MIMO system but despite the integration, negative
bias and supply sequencing was required, increasing the complexity particularly
for the 16 channel front-end. The architecture can be seen in Figure 4.4.
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Front-end IC

IF amplifier

SMA |

@ /\ ] | Switch

RF filter

IF filter

IF amplifier

LO distribution board

o<]—¢TX/RX—

Figure 4.4: Integrated front-end, single mixer.

435 Cost & performance comparison

A theoretical performance as well as cost comparison between the architectures
can be seen in Table 4.5. In section 4.4.1 the component selection used for the
performance estimation is described. However, for most practical purposes the
switches, mixer and filters can be assumed to be generic, with an insertion loss
of 2 - 2.5 dB for the filters, approximately 1 dB for the switch and 9 dB for the
mixer.

Table 4.5: Front-end performance and cost comparison.

TX IF Dual Integrated Driver
amplifier mixer front-end amplifier
Cost [SEK] 1549 1899 2885 1679
Receive
Noise figure [dB] 3.8 3.5 5.2 3.8
Gain [dB] 23.05 25.35 18.70 23.05
Transmit
Noise figure [dB] 4.1 3.6 3.5 14.8
Gain [dB] 22.05 24.35 27.20 23.55
P1dB [dBm] 17.85 17.85 21.00 17.85
Max Input Power [dBm] -4.2 -6.5 -6.2 -5.70

The maximum input power is defined as the input power to the front-end re-
quired for the PA to reach compression (P1dB), and the noise figure is calculated
according to equation 2.11, accounting for all components in the signal path as-
suming perfect matching and no PCB losses. For the transmit comparison it is
important to consider the fact that different input powers will appear very different
at the mixer input, this affects the spur performance. Additionally, allowing for
higher transmit input power can benefit the overall system SNR, since reducing
the full-scale of the RF-DAC will reduce the SNR as the noise floor is essentially
constant although noise figure of the transmit path is generally not considered an



34 Front-end Design

important aspect in front-end design.

As can be seen in Table 4.5 the differences are not significant, but in certain
areas the different architectures have unique advantages. The integrated front-
end module has a higher transmit gain and better P1dB than the PA used for
the discrete architectures. Although it is nearly twice the cost per channel. At
which point the discrete architectures could use a PA with a better P1dB if a
more complicated implementation is acceptable. The dual mixer architecture has
slightly better receive noise figure than the other architectures but the noise fig-
ure is still dominated by the RF filter and TDD switch. Using dual mixers could
be done with any of the architectures but the cost is prohibitive and offers lit-
tle practical benefit to anything but receive gain. Initially the transmit (TX) IF
amplifier architecture seems like the best alternative, however considering that
the mixer input power will be 13.1 dBm compared to —7.9dBm in the driver am-
plifier architecture and the fact that third-order intermodulation spur amplitude
increases by 3 dB per 1 dB input power [28][27] the spur performance is theo-
retically (13.1 +7.9) -3 — (13.1 + 7.9) = 42 dBc worse compared to the driver
amplifier architecture. Despite this the TX IF amplifier architecture was chosen
for the evaluation front-end as a result of somewhat poor planning. For the 16
channel front-end the driver amplifier architecture in 4.2 with additional filtering
was chosen due to the superior spur performance and wider bandwidth as shown
in section 4.2.

4.4  Design of the 2 channel evaluation front-end

In an attempt to design the evaluation front-end to be compatible with the testbed
without any changes to the baseband an IF of 3840 MHz was used. Unfortunately
due to the timeline of the project, the frequency plan was done in parallel and it
was not yet clear that this had significantly worse spur performance.

as the frequency plan was done in parallel with the design. As mentioned
previously the architecture chosen featured an intermediate frequency amplifier
on the transmit path which is expected to worsen spur performance. Despite this
the design and RF component selection is presented in this section due to the
similarities with the improved design featured in section 4.5.
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Override
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CMD315C4 TSS-53LNB+
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LTC5553

Lzszyad
Lzszyad

Lzszyad

QPQ3509
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Figure 4.5: Evaluation front-end block diagram.

4.4.1 RF components

Switch

To realize the time-domain duplexing and allow for a single mixer, multiple RF
switches are required. The frequency range should cover both the IF and the RF
with good return as well as insertion loss. It should be capable of handling the
full output power continuously when transmitting. The switch chosen was the
PE42521 from pSemi as it exceeds all the requirements, only requires a single 5V
supply and is fairly inexpensive. Additionally it has a fairly reasonable ESD rating
which could prevent damage to the rest of the front-end as it is the first active
component in the signal path.

Mixer

The mixer chosen was the LTC5553 from Analog Devices, it features 3 - 20 GHz
RF bandwidth, a built in LO amplifier and wide IF bandwidth with good return
loss at suitable IF frequencies, both of which greatly simplify the design of a MIMO
front-end. It requires a 3.3 V for the LO amplifier but is otherwise a traditional
double-balanced passive mixer. The downside is that it is fairly expensive and
as a passive mixer it has some conversion loss, up to 9 dB at the frequencies of
interest, detailed specifications are available in Table 4.6. Initially the lower cost
but similar LTC5549 was considered although unfortunately it was unavailable
from major distributors.
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Table 4.6: LTC5553 Mixer Specifications [26].

Parameter Min Typ Max | Units
LO Frequency Range 1 to 20 GHz
RF Frequency Range 3 to 20 GHz
IF Frequency Range 500 to 9000 MHz
RF Return Loss >9 dB

LO Input Return Loss > 10 dB

LO Input Power -6 0 6 dBm

Low-noise amplifier

The LNA chosen was the PMA3-14LV+ from Mini-Circuits it features a very low

noise figure and reasonably high gain at a competitive cost, see Table 4.7.

It

requires some external biasing circuitry which can affect the performance once
implemented but there is a comprehensive reference layout available. There is an
alternative which does not require any external biasing namely the PMA3-5153+
but it is more expensive and availability is poor as it was recently released.

Table 4.7: PMA3-14LV+ Specifications at 8 GHz [29].

Parameter Min | Typ | Max | Units
Frequency Range 0.05 10 GHz
Gain (8 GHz) 20.9 23.3 dB
Input Return Loss (8 GHz) 21 dB
Output Return Loss (8 GHz) 14 dB
Isolation (0.05-10 GHz) 25 dB
Output P1dB (8 GHz) +18.3 dBm
Output IP3 (8 GHz) +27.8 dBm
Noise Figure (8 GHz) 1.3 dB
Device Operating Voltage +4.75 | +5.0 | +5.25 A%
Device Operating Current 59 mA

Intermediate frequency amplifier

The IF amplifier chosen was the TSS-53LNB- it operates between 0.5 - 5 GHz
and features a bypass mode which was a requirement set by EIT, this allows for
greater dynamic range. In Table 4.8 detailed specifications for the device at 4 GHz
can be found. It requires no external circuitry on the RF path which simplifies
the implementation.
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Table 4.8: TSS-53LNB+ Specifications at 4 GHz [30].

Parameter Min | Typ | Max | Units
Supply Voltage 4.8 5.0 52 |V
Amplifier Mode, 4 GHz
Gain - 19.5 - dB
Noise Figure - 1.6 - dB
Output P1dB - 20.2 - dBm
Output IP3 - 33.4 - dBm
Input Return Loss - 14.5 - dB
Output Return Loss - 10.7 - dB
Supply Current - 82 105 | mA
Bypass Mode, 4 GHz
Insertion Loss - 0.9 - dB
Input Return Loss - 14.5 - dB
Output Return Loss - 14.0 - dB
Supply Current - 2 - mA

Filters

The RF filter is a band-pass which is supposed to prevent unwanted frequencies
from reaching the front-end when receiving and attenuate spurs from the front-end
when transmitting. The evaluation board did not include an RF filter to evaluate
mixer spur performance. Similarly to the RF filter, the IF filter is used to remove
spurs and out-of-band signals but in this case from the down-converted signal, the
IF filter chosen for the evaluation board was the QPQ3509 from Qorvo. It is a
band-pass filter with very sharp filtering and 40 dB of attenuation (outside the
pass-band) up to 10 GHz. This filter was used as the RF filter on the previous
board.

SMA connectors

Although SMA connectors themselves can be used at high frequencies, the interface
to the PCB affects the impedance [31]. The choice was made to go with vertical
hybrid through hole technology (THT)/surface mount technology (SMT) SMA
connectors from SAMTEC such as on the previous front-end namely the SMA-J-
P-H-ST-MT1, where the ground connections are through hole whilst the center
RF pin is surface mount, typically horizontal board edge connectors would be used
as these present less of an impedance discontinuity but due to the mechanical
constraints and difficulty laying out all the channels side by side on the full-scale
board vertical connectors were preferred despite worse performance. Solder-less,
also known as screw-mount SMAs were also considered. These are typically better
than the SMT alternative but cost significantly more and require manual assembly.
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Power amplifier

A comparison of all amplifiers considered and their biasing/sequencing require-
ments can be seen in Table 4.9.

Table 4.9: Comparison of PAs. (NB) indicates need for negative
bias, (S) need for sequencing.

Part Gain NF P1dB Cost Freq. Supply
Number [dB] [dB] [dBm] |kr] [GHgz] [V]
CMD170P4 30 - 28 748 7.5-9 7
AVA-6183MPS+ 209 6.3 26.6 859  6-18 6
HMC1082LP4E 22 - 24 726 5.5-18 5 (NB)
HMC633LC4 30 10 23 713 5.5-17 5 (NB)(S)
ADTR1107 22 9 23 2045  6-18 5, 3.3 (NB)(S)
CMD315C4 195 5.5 21 629  4-10 5

Ultimately the power amplifier chosen was the CMD315C4 from Qorvo, despite
being marketed as a driver amplifier it is suitable as a power amplifier in this case
as a 1 dB compression point of 20 dBm or higher (100 mW) was deemed acceptable.
In contrast to many other amplifiers with similar specifications, it does not require
any sequencing or external biasing components and only a single 5V supply which
greatly simplifies implementation. The availability of the amplifiers considered
varies greatly and influenced the choice as well due to the large quantity required
for the testbed. The specifications for the CMD315C4 be seen in Table 4.10.

Table 4.10: Qorvo CMD315C4 Specifications [32].

Parameter Min | Typ | Max | Units
Frequency Range 4-10 GHz
Gain 19.5 dB
Noise Figure 5.5 dB
Input Return Loss 10 dB
Output Return Loss 15 dB
Output P1dB 21 dBm
Output 1P3 33 dBm
Supply Current 143 mA

An alternative which could be considered if a higher P1dB is desired is the
CMD170P4 also from Qorvo, due to the higher gain it allows for a weaker driver
amplifier for example the Mini-Circuits AVA-183A-+, which is similarly priced to
the PMA3-14LV-+ and requires no external biasing. The downside is that the
CMD170P4 and the driver amplifier would require different supply voltages.
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4.42 Layout

On the Evaluation board all the RF traces are coplanar waveguides with ground
(CPWG). Using the built-in impedance calculator in Kicad and the manufacturer
stack-up from Figure 4.6 the trace width chosen was 0.35 mm, and the gap 0.35
mm. Additionally for the high-frequency traces the solder-mask was removed as
it improves matching and reduces insertion loss slightly [31].

Total ~ 1.6 mm

0.04 mm [ L1 Cu

0.167 mm Core 1/2 (R04350B)
0.018 mm L2 Cu

0.14 mm Prepreg

0.018 mm L.3 Cu

0.15 mm Core 3/4 (FR-4)
0.018 mm L4 Cu

0.14 mm Prepreg

0.018 mm L5 Cu

0.15 mm Core 5/6 (FR-4)
0.018 mm L6 Cu

0.14 mm Prepreg

0.018 mm L7 Cu

0.15 mm Core 7/8 (FR-4)
0.018 mm L8 Cu

0.14 mm Prepreg

0.018 mm L9 Cu

0.15 mm Core 9/10 (FR-4)

0.04 mm [T [L10 Cu

Figure 4.6: Evaluation board stack-up.

4.5 Design of the 16 channel front-end

The design for the 16 channel front-end consists of a backplane and 16 front-
end modules. The backplane contains the power circuitry, LO ports, 10 and
control logic. The backplane connects to the RFSoC through the two SAMTEC
LPAM connectors on the bottom side. This section covers firstly the design of the
backplane and then the design of the front-end modules.
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Figure 4.7: Overview of front-end module and backplane interface.

45.1 Backplane

Voltage regulator

As mentioned previously, a very important characteristic for the power supply in
an RF system is noise, because of this the LT8625SIV from Analog Devices was
chosen. It has a very low output noise and is suitable for RF applications [33]. To
further improve the noise a larger inductor and more output capacitance was also
added. The output voltage is set using a single resistor for output voltages under
6 V using the built-in precision current source. An important factor to consider
for the output capacitance is the derating curve of ceramic capacitors, specifically
X7R, X5R and similar style dielectrics. The capacitance rapidly decreases with
applied DC voltage at the rated voltage of the capacitor as much as 80 % of the
capacitance is lost [34]. Therefore additional capacitors were added compared to
the reference design.

The LT8625SIV is capable of supplying up to 8A which is limited by the
operating temperature and the thermal dissipation of the device. To avoid thermal
issues and reduce power supply coupled noise separate regulators are used for the
TX and receive (RX) components, the common components (e.g RF switches and
other I0) are supplied from the RX supply. It is also possible to turn off the
5VTX from the FPGA in order to save power. However it has some start-up time
as the output capacitance is quite large which could be a problem for quick TDD
operation.

Input filter

To avoid conducted emissions from the switching regulator or front-end a simple
input filter was designed, using a ferrite, a large electrolytic capacitor and a ceramic
capacitor for high frequency attenuation, one of which is in series with a resistor
to adjust the ESR to dampen the resonance. The filter with dampening is shown
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in Figure 4.8. A comparison of the frequency responses of the dampened and
undampened filter is shown in Figure 4.9

Ferrite
Dampening 78279226101
B 1
Connector . + Circuit
|
! I
| | +
| | " 220uF
1uF : — 2 UF ?86506055?008
|
| [
|
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| 1
| OR5 |
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Figure 4.8: Input filter schematic.
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Figure 4.9: Input filter simulation including parasitics for the ca-
pacitors and ferrite. AC source is on the circuit side and the
result is at the connector. Blue trace is without the dampening
section and green is with dampening.

Control interface

To ensure backwards compatibility with the previous front-end board a similar
jumper based control interface was implemented and the GPIO pins for communi-
cation between FPGAs and TDD were kept the same, the bypass mode of the IF
amplifiers was designed to be controlled over the 12C interface available from the
FPGA, this allows for more convenient routing of the signals as the interface to
the connector is serial and therefore interferes significantly less than the otherwise
parallel interface of the GPIO pins.
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Low drop-out regulator

An LDO is used to generate the local IO voltage for interfacing with the FPGAs
12C and digital IO pins, so that the IO expander which controls the IF amplifier
bypass can use 5 V logic as required by the amplifiers. The specific model in this
case does not have any significant effect on the performance and the load current
is very low. The selected LDO was the AP2127K-ADJ from Diodes Incorporated.
It comes in a standard footprint which is pin compatible with LDOs from many
other vendors and has good availability.

Layout

Selecting the correct PCB material and finding an appropriate stackup is more
difficult than it first appears. The losses of a 200 mm stripline in FR4 with a
dielectric thickness of 0.308mm between the ground planes will have a combined
dielectric and conductor loss of over 7 dB which is a significant loss of power.
To reduce the conductor losses a material with a lower dielectric constant can be
selected, this allows for increased trace width for the same dielectric thickness. To
reduce the dielectric losses a material with lower loss tangent (or lower dielectric
constant, although it only scales with the square root of the dielectric constant)
has to be used [35], FR4 has a loss tangent of approximately 0.02 whereas typical
high-frequency dielectrics have an order of magnitude lower loss tangent.

The possible stack-ups were discussed with the PCB manufacturer and re-
viewed to ensure that it did not result in performance degradation. First an all
FRA4 stack-up was considered due to the low cost and similarity with the previous
design, unfortunately due to the module design the layout included long traces
which would result in signficany losses as mentioned earlier. In a traditional sys-
tem where the IF is much lower this would be less of an issue as both conductor
loss and dielectric loss scale with frequency. Anyways changing the stack-up was
preferable from a layout perspective and the PCB manufacturer suggested the
stack-up seen in Figure 4.10 for the full-scale board, using a lower cost alternative
to RO4350B namely S7163H which results in approximately 3 dB losses for the
longest traces compared to the previous 7 dB due to the much lower loss tangent
and lower dielectric constant.
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Total ~ 1.83 mm

0.04 mm [ L1 Cu

0.167 mm Core 1/2 (S7163H)
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0.167 mm Core 5/6 (ST163H)
0.018 mm L6 Cu

0.20 mm Prepreg
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0.018 mm L8 Cu
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Figure 4.10: Backplane stack-up.

For the differential stripline Saturn PCB Toolkit was used to calculate the
trace widths based on the manufacturer stack-up as seen in Figure 4.10. The con-
ductor width and spacing was experimented with until the differential impedance
closely matched 100 €2, the characteristic impedance closely matched 50 2 and was
relatively resistant to possible process variations in dielectric constant and conduc-
tor spacing. The result was a trace width of 0.2 mm and spacing of 0.4 mm. The
via impedance was also calculated using Saturn PCB Toolkit a 0.6 mm pad, 0.3
mm hole via with a plane opening of 1 mm on all layers as seen in Figure 4.11 gave
an impedance close to 50 2. It is important to note that these calculators can be
inaccurate when it comes to via impedance and ideally via structures should be
simulated using an EM solver [36]. The vias are not back-drilled creating stubs at
different lengths depending on the layer transitions. Below the SMA connectors
the ground fill is removed to improve impedance matching at high frequencies.
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Figure 4.11: Via impedance calculation in PCB Toolkit.

The routing of the signals into the SAMTEC LPAM connector is based on the
whitepaper from SAMTEC regarding their Analog over Array™ technology which
can be seen in Figure 4.12a but with the via size for the signals from PCB toolkit.
The adapted design on the backplane can be seen in Figure 4.12b.

Analog over Array Launch Optimization

(a) Analog over Array™ reference. [37] (b) Implemented design.

Figure 4.12: LPAM Connector Differential Pair Routing.

The routing between the modules and the RFSoC connector is done to max-
imize the distance between adjacent ADC and DAC signals to reduce crosstalk.
Additionally, the differential pair skew is tuned so that the positive and negative
traces are the same length.
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452 Front-end module

Table 4.11: Estimated performance of the FR3 front-end.

Cost [SEK] 1679
Transmit
Gain [dB] 21.0
Max Input Power (PA compression) [dBm)] -4.1
Output Power Compression [dBm| 17.4
Expected Worst Spur [dBc¢] < —45
Frequency [MHz] 7410-8510
Receive
Gain [dB] 22.6
Gain (bypass mode) [dB] 2.65
Noise Figure [dB]| 3.8
Max Input Power (IF amplifier compression) [dBm] -3.1
Expected Worst Spur [dBc| < =50
Frequency [MHz| 7410-8510

Filters & balun

The lower IF determined for the 16 channel front-end creates different filtering
requirements compared to the evaluation front-end. The RF filter was redesigned
using separate high-pass and low-pass filters to create a band-pass filter suitable for
the entire frequency range, the S-parameters for the combined filter were simulated
in ADS, the result can be seen in Figure 4.14. A new IF filter and balun were chosen
for the lower frequency and wider bandwidth IF. A filter before the amplifiers on
the transmit path (referred to as the TX filter) was also included, it is the same
design as the RF filter using a discrete high and low-pass filter to further improve
spur performance and allows for slightly higher input power and therefore nearly
no performance penalty. The filters used can be seen in Table 4.12.
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Originally the HFCN-7150+ was considered for the high-pass filter although
the lower cut-off frequency HFCW-6600+ was preferred, sacrificing some out-of-
band rejection (particularly for the 1 x LO spur) for a better in-band return loss
and insertion loss, a comparison of the pass-band insertion loss can be seen in
Figure 4.15

dB(S(1,2))

dB(S(3,4))

20-]
30—

40—

60—

20
30—

40—

Table 4.12: Filter and balun selection.

Type Part Number
IF filter BFCN-1801+

RF LP filter LFCW-8400+

RF HP filter HFCW-6600+
TX LP filter LFCW-8400+

TX HP filter =~ HFCW-6600-+
Balun NCS2-33+
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freq, GHz

(a) Insertion loss.
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Figure 4.13: S-parameter simulation of combining LFCW-8400+

low-pass filter and HFCW-6600+ high-pass filter to create a
suitable band-pass filter for the 7.4 GHz to 8.5 GHz band.
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Figure 4.14: S-parameter simulation of combining LFCW-8400+

low-pass filter and HFCN-7150+ high-pass filter to create a
suitable band-pass filter for the 7.4 GHz to 8.5 GHz band.
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Figure 4.15: Pass-band comparison between the HFCW-6600+ and
HFCN-7150+ in combination with the LFCN-8400+.

Another idea which was considered was the use of band-pass filters designed for
Ultra Wide-Band (UWB), as the frequency range overlaps significantly with the
lower range of the upper-midband. The specific filter considered was the Abracon
AFII-LC-0048. Unfortunately when using an IF of 1.86 GHz the 1 x LO spur
becomes problematic as 6 GHz is within the pass-band. However this spur could
be filtered by using a TX high-pass filter at the expense of worse attenuation of
higher frequency spurs.

Driver amplifier

The amplifier used as the driver amplifier is the same part as the LNA on the
receive path. It is very cost-effective, the design is proven and the gain is suitable
for the CMD315C4 to reach compression with reasonable input power to the front-
end. As mentioned earlier a possible alternative suitable for a higher gain PA is
the Mini-Circuits AVA-183A+.

Layout

The module features CPWG@G, microstrip and differential microstrip. The impedances
were calculated for the 4 layer stackup in Figure 4.16, resulting in a 0.3 mm trace
width and 0.15 mm gap for the CPWG trace, 0.3 mm trace width and 0.25 mm
spacing for the differential microstrip and lastly 0.35 mm trace width for the
microstrip. To minimize discontinuities in controlled impedance traces, minimal
footprints for the 0402 and 0201 components were designed to fit within the con-
trolled impedance trace to the extent possible. Reducing the footprint size is worse
for manufacturability therefore the minimal footprints were only used for compo-
nents in the RF path. A smaller shielding cage was utilized so that the module
could be made smaller. The edge-card connector was designed according to the
specifications for a SAMTEC HSECS connector. Below the SMA connectors the
ground fill is removed to improve impedance matching at high frequencies.
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Figure 4.16: Front-end module stack-up.

4.6 Design of LO splitter

To split the local oscillator to all 16 mixers of each front-end board, another
board consisting of tree-like distribution using Monolithic microwave integrated
circuit (MMIC) splitters was designed, see Figure 4.17. From frequency planning
the LO frequency is 6100 MHz. The decision to keep this board separate was
partly to reduce the overall footprint of the already large and complex front-end
board and also to avoid further complicating the routing by additional RF signals
which would have to run across the board more or less perpendicular to the other
signals. Using splitters comes at a cost of at least 3 dB per stage as the signal
power is divided into two (and the splitter has some insertion loss). To get the
necessary 16 outputs per board 4 stages of splitting is required. The loss from
splitting is 12 dB and the insertion loss is between 2.8 and 4.4 dB therefore the
total loss is between 14.8 and 16.4 dB, splitters have some phase imbalance but
more importantly does not significantly affect the phase noise. The mixers require
0 dBm LO drive thus the signal power to the distribution board needs to be at
least 16.4 dB to ensure proper functionality of all mixers. Distributed MIMO
also requires that the LO signal is distributed between all front-ends. Practical
implementation of this in a real-world scenario is out of the scope of this thesis as
it is assumed each distribution board will have the required input power.
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Figure 4.17: Overview of the LO splitter.

4.6.1 Power splitter

The choice of power splitter was made based on cost, bandwidth and isolation. The
isolation is important to avoid potential spurious tones from the mixers interfering
through the LO port. Phase imbalance is not important, as it is compensated for
by the channel estimation since it is constant in time. Bandwidth needs to cover
frequencies up to 6.1 GHz as determined by the frequency planning and preferrably
with low insertion loss and good return loss. The GP2XA+ from Mini-Circuits
fulfills all these requirements with a 32 dB isolation, 2800 to 6200 MHz frequency
range, in a compact QFN package.

4.6.2 Layout

The LO splitter board uses the same stack-up as the front-end modules and the
same CPWG parameters. Below the SMA connectors the ground fill is removed
to improve impedance matching at high frequencies.
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Chapter 5

Results & Discussion

5.1 Digital Baseband

In this section the results of the digital implementation will be presented and
discussed. Due to time constraint, the support for DLD symbols has not been
fully implemented as of writing this report. Because downlink had not been im-
plemented on the rest of the large intelligent surface (LIS) system, it was lowest
priority. The design was validated through a mix of targeted and constrained
random simulation. It was simulated for all combinations of K, B., and #ULD
for multiple frames, while the data was randomly seeded. The outputs where
compared to a reference model.

5.1.1 Results

The distributed digital baseband was integrated on the FPGAs of the LuLIS sys-
tem and in Figure 5.1 a diagram of the resulting constellations can be seen. The
measurements where done for 4 UEs. The measurement was taken with the LuLIS-
panels distributed in a 8 x 4m arena. The antenna panels were pointed inward
toward the 4 UEs. UE antennas were separated by no more than 10 cm.

o1
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Figure 5.1: Measured constellation diagrams and average gramian
matrix magnitude 10log (|G|) in dB. 12 LuLIS panels where
used.

The resource utilization of the design is tabulated in Table 5.1. The values
were extracted from the Vivado design tool after Implementation. No integrated
logic analyzer (ILA) was included in the design. Notably the percentage of BRAM
that are used is quite high, which will be discussed further in section 5.1.2.

Table 5.1: XCZU49 FPGA resource utilization on distributed nodes.

Resource set LUT LUTRAM FF BRAM DSP
FPGA total 425280 213600 850560 1080 4272
Used 39% 5.7% 26% 88% 30%

Figure 5.2 plots the latency, T¢,, as defined in subsection 3.2.2, for all combi-
nations of K and B.. The use of the same color for different values of B, represents
that they are computed with the same lane configuration: blue means four 4 x 16
lanes, orange means two 4 x 16 lanes, and green means one 16 x 16 lane.
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Figure 5.2: T, for all combinations of K and B..

5.1.2 Discussion

The constellations of Figure 5.1 indicate that the IP block is performing the dis-
tributed operations correctly. There is a slight phase shift relative to the frame of
reference. Notably, each UE has a different phase shift. Moving the UE antennas
has a negligible effect. This slight phase shift is also present when the testbed is
using the previous design, see [5].

The main diagonal of the gramian matrix shows how the transmissions from
each UEs are scaled. We expect the magnitude of the major diagonal to be much
larger than the off-diagonal magnitude, which is what we see. The low off diagonal
magnitude is what reduces the interference between UEs.

The most critical resource of the FPGA is the BRAM. Table 5.1 shows that
88% of BRAM blocks on the fabric are utilized. This high utilization has been
causing timing closure problems. Because the placer engine gets very constrained
in where it can place the BRAM blocks, it must choose worse options, making it
more likely that the routing agent cannot meet the timing demands.

There are a few reasons for this high BRAM utilization. The first is that first-
in first-outs (FIFOs) mapped to BRAM are used to manage the data-flow of the
design. The BRAM that instantiated as FIFOs make up 46% of the total usage.
Some of these FIFOs can be reduced in depth to reduce overall use.

All BRAM FIFOs have been manually instantiated with a depth of 1024 and
a width of 32, and are then cascaded and put in parallel to create the sizes needed.
The reason for the manual instantiation is that we were unsuccessful in getting
the Vivado synthesis tool to do this mapping implicitly from the Verilog generated
by the Chisel compiler. By changing the option of depth and width to 512 and 64
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respectively, a meaningful reduction in BRAM use can be expected.

Another 12% of BRAM utilization is occupied by the channel matrix mem-
ory. In this case, another opportunity presents itself. The XCZU49 includes 80
UltraRAM (URAM) blocks that are currently not utilized at all. Moving the mem-
ory module to URAM would require 32 URAM blocks and would free up those
12% of the total BRAM.

Another issue relates to the latency of the gramian calculation, shown in Figure
5.2. When choosing the size of the systolic array for this design, a buffer delay
of a few microseconds was considered acceptable. In the graph, we see that for
B. < 8, there is a linear increase with K that makes the worst case latency much
higher than desired.

We can also observe a step-like latency increase for B, > 8. This latency comes
from the choice of granularity we made during the design phase. We can see that
the highest latency is achieved when B. = 10, which aligns with the analysis made
in section 3.3.3.

The linear latency increase stems from the FIFO-based tile reordering that
is done in the Output Handler, see Figure 3.2. Every time a tile of length B,
arrives to be processed, it must wait for K — B, values to be dequeued from the
storage FIFO. For B, > 8, the throughput of the systolic array is lower than that
of the tile reorderer, therefore these values do not experience the same effect. The
reason why tile reordering was implemented this way was time constraint. The
solution is simple and was very fast to implement. Because DLD was already
outside the scope of implementation, the increase in T, does not affect the short
term capability of the IP block, but will need to be addressed in the near future.
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5.2 Evaluation front-end

Figure 5.3: Render of the evaluation front-end.

5.2.1 Schematic

The schematic is available as appendix A.

5.2.2 Measurements

Transmit

To measure the transmit gain, the TX SMA was connected to the R&S SMIQ 06B
RF signal generator, likewise the LO port was connected to the Agilent E8257D
RF signal generator. The RF SMA connector was connected to the R&S FSU50
Spectrum Analyzer. The IF signal frequency was set to 3980 MHz, and the power
set to —25dBm. The LO frequency was set to 4510 MHz and 0 dBm. The spec-
trum from the analyzer was saved. The measurement was repeated with an IF of
3700 MHz.

Thereafter the LO was set to 6100 MHz and 0dBm. The measurement was
repeated with an IF of 1310 MHz and 2410 MHz respectively.
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(a) 3700 MHz IF with 4510 MHz LO output  (b) 3980 MHz IF with 4510 MHz LO output
spectrum. spectrum.

Figure 5.4: Up-conversion (TX) spectrum for 3700 MHz and
3980 MHz IF with 4510 MHz LO.

(a) 1310 MHz IF with 6100 MHz LO output  (b) 2410 MHz IF with 6100 MHz LO output
spectrum. spectrum.

Figure 5.5: Up-conversion (TX) spectrum for 1310 MHz and
2410 MHz IF with 6100 MHz LO.
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Figure 5.6: Up-conversion output power and gain against input
power for IF 1860 MHz, and LO 6100 MHz.

From this it is evident that the compression point is reached earlier than
expected, the compression point is only 14 dBm, however the cable loss is not
accounted for and therefore the actual value slightly better (around 1 — 2 dB),
although it is still lower than the estimated 19.8 dBm. The gain is around 28 dB,
which is very close to the estimated 28.8dB (based on typical values from the
datasheets).

The LO power was also swept to evaluate the effect on spur performance and
conversion loss. The mixer datasheet states that the LO power should be between
+6dBm. The result can be seen in Figure 5.7.



58 Results & Discussion

Power (dBm)

f, o} interpolated

fLO spur interpolated

2f  spur interpolated

-40 o f i data
e f . spurdata
45 L LO
2f  spur data
50 . . I | | |
-25 -20 -15 -10 5 0 5

LO Power (dBm)

Figure 5.7: LO input power against desired tone power and LO
harmonic power.

From the graph it can be seen that the mixer allows for a very wide range
of LO powers without significant performance degradation. Below —12dB the
LO amplifier inside the mixer seems to no longer be able to keep the LO power
constant and the spur power drops, resulting in increased intermodulation products
and conversion loss.

Receive

The receive gain was measured similarly to the transmit gain. The R&S SMIQ
06B RF signal generator was connected to the LO port. The signal frequency set
to 4510 MHz, 0 dBm. The R&S ZVL Network Analyzer was connected to the RX
port. The Agilent E8257D RF signal generator was connected to the RF port and
the frequency was set to 8210 MHz and 8490 MHz respectively, the spectrums are
shown in Figure 5.8.
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(b) Spectrum from front-end with 8490 MHz
RF input and 4510 MHz LO.

Figure 5.8: Down-conversion (RX) spectrum for 8210 MHz and

8490 MHz RF at —30dBm.

For the receive path the spur performance is acceptable, arguably quite good.
The —30dBm signal is down-converted and amplified to —10dBm. When ac-
counting for the cable loss between the Agilent E8257D and front-end the gain is
approximately 23 dB, and in theory it is 26 dB.

The input power was swept from —20dBm to 5dBm (0dBm for the normal
mode) at an RF of 8410 MHz. The total output power was calculated by summing
the tones and the gain was calculated by taking the difference between the input
power and total output power, for both the normal mode and the bypass mode.

The result can be seen in figure 5.9
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Figure 5.9: Down-conversion output power and gain against input
power. for RF 8410 MHz, and LO 4510 MHz.

From figure 5.9 the receive path is working mostly as expected, although the
gain is slightly reduced which can be partially by transmission line losses and cable
losses. The above plot does not compensate for the cable loss of approximately
3dB. The input compression point is approximately —2.5dBm limited by the
mixer or LNA. It is difficult to isolate exactly which part limits the compression
point as both are similar. It is evident that the IF amplifier is not limiting the
compression point as it is unchanged with the amplifier in bypass mode.

The noise figure was measured using the Y-factor method. The RF SMA con-
nector was connected to the Agilent 346B Noise Source, the LO was connected to
the SMIQ 06B signal generator set to 4510 MHz, 0 dBm. The RX SMA connector
was connected to the Mini-Circuits ZJL-6G amplifier to lower the noise floor of
the spectrum analyzer. The amplifier was connected to the R&S ZVL network
analyzer set to spectrum analyzer mode.
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Figure 5.10: Spectrums used for determining the front-end noise
figure.
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The noise figure measurement is described by the equation above, where Fpyr,

F4 and Fg4 are the noise factors of the device under test (DUT) (the evaluation

front-end), amplifier and spectrum analyzer respectively. As Gpyr is known to

be at least 20dB it is reasonable to assume that (gAfl + GFSA’G} ) ~ 0. Then
. . DUT purGa

using the equation

10ENR/10
10Y/10 _1q
where ENR is the excess noise ratio, as the evaluation front-end does not have
an RF filter the mixer converts the noise from both the image frequency and the
desired frequency, doubling the noise power therefore 3dB has to be subtracted
from the ENR table of the noise source, ENR = 15.37 —3 = 12.37 dB. and Y is

the measured noise floor increase as seen in Figure 5.10 (Y = 72.97 — 63.88 = 9.09
dBm) after enabling the noise source. This gives

NF =10log, (

12.37/10

which is quite close to the theoretical value of 3.1dB. The actual noise figure is
without a doubt worse than the theoretical value but the increase can be partially
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explained by the fact that there is some cable loss between the noise source and
the front-end which directly affects the noise figure.

Return loss & cross-talk

The return loss of the SMA connector in combination with the front-end was
measured with the front-end in both receive and transmit mode to validate the
matching of the SMAs and the traces to the components. The return loss can be
seen in figure 5.11.

® ®
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(a) Combined SMA and front-end return loss ~ (b) Combined SMA and front-end return loss
receive transmit

Figure 5.11: Combined SMA and front-end return loss for transmit
and receive

As shown above the SMA and front-end has acceptable matching of >10dB
return loss for the entire frequency range of interest.

In addition to the evaluation front-end PCB it also featured a break-away test
piece to study the effect of reducing the distance between the striplines on the
full-scale board from 6 mm to 3mm which would save some board space. The
measurement was done using the test piece with the SMAs connected at opposite
ends with the other end terminated.
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Figure 5.12: S12 for the 3mm and 6 mm spaced striplines

From Figure 5.12 it can be seen that the 3 mm spaced striplines have around
10dB more cross-talk, which is not insignificant.

5.3 Backplane & front-end modules

A design and layout of the 16 channel front-end was completed and a render of
what the board would look like can be seen in Figure 5.14. A close-up of the front-
end module can be seen in Figure 5.13. The board was not manufactured due
to delays with the evaluation front-end and subsequent issues. During the course
of the work and through the evaluation front end several opportunities to further
improve the design in terms of cost, size, and overall efficiency were identified, as
discussed in section 5.4. These improvements should be implemented before the 16-
channel front-end is manufactured and integrated into the testbed. Nevertheless,
the proposed architecture fulfills the requirements established at the beginning of
the project, and the estimated performance is satisfactory.

-4

Figure 5.13: Render of a front-end module, containing 1 channel.
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Figure 5.14: Render of the backplane populated with 16 front-end
modaules.
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Figure 5.15: Render of the LO splitter board.

5.3.1 Schematic

The schematics for the front-end module and backplane are available in appendix
C. and B. respectively.

54 Future Work

5.4.1 Distributed Digital Baseband

The future work regarding the distributed digital baseband should be evaluated
with future research in mind. The next big step for the LuLIS project is system
wide implementation of DLD. For the distributed digital baseband this entails



Results & Discussion 65

three things. Unsurprisingly, the first thing is to finish the implementation of
DLD. Secondly, an effort to minimize BRAM use, as discussed in section 5.1.2,
should be made. Thirdly, the tile reordering should be redesigned to decrease
the T, delay. The reason to first finalize the implementation of DLD is that it
may change some minimum FIFO depths in the design. When redesigning the tile
reordering, using URAMs could be considered here as well, as it would free up
even more BRAM.

After this the direction is less clear. It depends on what research questions need
to be answered. One feature that was not prioritized for this project is enabling
the change of B., K, #ULD and #DLD during runtime. They are currently set
by writing to certain AXI-Lite registers during initialization. Allowing for them
to change every frame would allow for research into frame selection and the like.

5.4.2 Testbed LO distribution

For the testbed the LO signal needs to be distributed to all the LO splitter boards,
due to the inefficiency of distributing a high frequency signal between all the
distribution boards, a local phase locked loop (PLL) could and likely should be
used to multiply a lower distribution frequency (such as the existing 10 MHz
reference clock) at each distribution board as shown by LaCaille et. al (2019) [38].
The SINR increases very little beyond 32 antenna elements per PLL (antennas
assumed to be on the same array). There seems to be no equivalent research in
the distributed MIMO case, however the general ideas should be applicable. At
16 elements per PLL as would be the case here, the performance is acceptable.

5.4.3 Backplane & front-end module design

An architecture where the channels are individual modules is very flexible and con-
tinued development could integrate the LO splitters and /or LO synthesis onto the
backplane, if the LO is to be fed externally from vertical SMAs perhaps frequency
doublers should be considered on the front-end modules to reduce the insertion
loss. The modules could be designed to use edge-mount SMAs if the modules are
used in a vertical configuration or designed similarly to traditional PCle cards
such as in Figure 5.16. Edge-mounted SMAs have superior return loss compared
to the hybrid SMT/THT SMAs used in the current design [31]. The redesign could
significantly reduce the size of the backplane which could make it possible to use
an all FR4 stack-up (due to shorter traces) and thus save significant cost.
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Figure 5.16: Render of how the modules could be designed for
denser vertical integration and allow for an all FR4 backplane.

Instead of using SMT filters, the filters could be designed using trace geometry
and simulated to obtain the desired filter characteristics. This allows for greater
flexibility (with cut-off frequencies, possibly improving performance) and reduces
dependence on the availability of many different filters as well as reducing cost.
Additionally, simulating the via structures and SMA connector pad in an EM field
solver such as Ansys HFSS could improve return and insertion loss.
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Conclusion

6.1 Digital Baseband

The digital baseband part of this thesis project focused on extending the LuLIS
testbed toward support for a larger number of UEs by replacing parts of the ex-
isting digital baseband with a more capable FPGA implementation. The main
computational tasks were identified as channel estimation, Gramian matrix calcu-
lation, and the matrix-vector multiplications required for uplink and downlink data
processing. Based on the throughput and latency analysis, a systolic-array-based
architecture was selected as a suitable compromise between resource utilization
and processing latency.

A 16x 16 systolic array was chosen to provide a peak throughput of 256 complex
multiplications per clock cycle while avoiding the excessive DSP usage of a full
32 x 16 implementation. To improve utilization with lower coherence bandwidth,
the array was divided into configurable lanes. The design was implemented in
Chisel and verified using integrated simulation tools before integration into the
existing LuLIS FPGA design.

The implemented distributed baseband was successfully integrated and evalu-
ated on the LuLIS testbed. Measurements with four UEs showed that the design
can perform the intended channel estimation and uplink processing in the real
system. However, the full downlink data path was not completed within the scope
of this thesis, mainly because downlink support was not yet available in the rest
of the LuLIS system and when time began to run out it was the lowest priority.

Resource utilization showed memory usage is the main limitation. In partic-
ular, the high BRAM utilization caused timing-closure difficulties and limits the
margin available for future additions. This indicates that further work should focus
on reducing memory pressure, for example by moving suitable blocks to URAM.
Overall, the work demonstrates that a dedicated systolic array accelerator is a
viable approach for scaling the distributed digital baseband beyond the previous
implementation, while also identifying the memory mapping and DLD as the most
important areas for immediate continued development.
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68 Conclusion

6.2 Front-end

The front-end portion of the thesis focused on designing a front-end to extend
the frequency range of the LuLIS testbed to FR3 (upper midband). Due to the
frequency requirements, a superheterodyne topology was selected as the basis for
the design, which necessitated the development of a frequency plan. This was
followed by an architectural comparison in which component placement, selection,
and expected performance were evaluated. Based on this analysis, an evaluation
front-end was designed and manufactured. Through the evaluation board a signif-
icant portion of the schematic and layout design was validated, with performance
closely matching theoretical expectations, however the lack of filtering and the
transmit path IF amplifier resulted in worse spur performance. Ultimately, a 16-
channel front-end was designed with an improved architecture based on further
research and the outcomes of the evaluation front-end. However the 16 channel
front-end was not manufactured due to delays with the evaluation front-end and
as opportunities to further improve the design in terms of cost, size, and overall
efficiency were identified. These improvements should be implemented before the
16-channel front-end is manufactured and integrated into the testbed. Neverthe-
less, the proposed design should fulfill the requirements initially set.

Components suitable for the upper midband are expensive at the time of
writing, as few devices are specifically designed for the 7.125-8.5 GHz frequency
range. Consequently, many of the selected components are wideband devices,
which are generally more expensive and offer compromised performance compared
to application-specific alternatives. The cost was further increased by the high
IF, since most low-cost mixers do not provide well-matched IF ports at frequen-
cies above a few hundred MHz. The high IF, together with layout considerations,
also influenced the substrate choice. In the future further cost reduction will be
possible.
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A. Evaluation Front-end Schematic
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B. Backplane Schematic
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C. Front-end Module Schematic
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