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network information to control the frequency of the clock signal supplied to the CPU to
conserve power without contributing to increased latency. The CPU receives radio data
for processing at the start of a period. The CPU offloads heavy computations involved
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NETWORK AWARE CPU CLOCK FREQUENCY GOVERNOCR FOR CLOUD
INFRASTRUCTURE
TECHNICAL FIELD

The present disclosure relates generally to a cloud-based communication
networks and, more particularly to a network aware CPU clock frequency governor for a
cloud infrastructure in a virtualized radio access network (RAN).

BACKGROUND

Cloud technology has swiftly transformed the information and communications
technology (ICT) industry and it is continuing to spread to new areas. Many traditional
ICT applications have relaxed timing or performance requirements and are suitable for
cloud deployment. Cloud systems are usually built on top on large scale commodity
servers, typically x86 based systems. Different kinds of accelerators and new software
scheduling techniques are needed to apply the cloud concepts outside the traditional
ICT domain to more mission critical use cases such as telecom, industrial automation
and real-time analytics.

Network Function Virtualization (NFV) is a virtualization technology for
communication networks that eschews proprietary hardware and implements network
functions (NFs) in the communication network as software running on industry-standard
servers supported by high volume storage. A virtual network function (VNF) or
containerized network function (CNF) implemented as a software component can be
deployed at essentially any location within a cloud infrastructure without the need of
installing new equipment. NFV enables rapid deployment of new services, ease of
scalability, and reduced redundancy in the NFs.

The Internet Engineering Task Force (IETF) NFV initiative is standardizing a
virtual networking infrastructure and a VNF architecture for wireless communication
networks. The main focus is currently on core network (CN) functions, such as a virtual
Internet Protocol (IP) Multimedia Subsystem (vIMS), virtual Evolved packet Core
(vEPC), and virtual Mobility Management Entity (vMME). However, the possibility of
moving Radio Access Network (RAN) functions to the cloud is being explored.

Cloud RAN is a new architecture for RANs where the certain RAN functions are
moved into the cloud and realized using commercial-off-the-shelf (COTS) hardware. In
a cloud RAN, the functions of a 5G NodeB (gNB) in a 5G network, also known as a base
station, are divided into two parts: a Radio Unit (RU) and a baseband unit (BBU). The

RU serves as the radio part of the base station and contains the radio frequency (RF)
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circuitry and antennas for transmitting signals to and receiving signals from user
equipment (UEs) over a wireless communication channel. The BBU serves as the
control part of the base station. The BBU processes signals transmitted and received by
the gNB and handles most control functions, such as scheduling, power control, etc. In
this split architecture, the BBUs can be implemented in as virtual NFs that can be pooled
and shared by multiple RUs.

While commodity servers are becoming increasingly powerful, they still fall short
for certain tasks compared to existing proprietary solutions. Moving RAN functions to the
cloud currently involves a trade-off between efficiency of computations provided by
proprietary solutions and lower capital expenditures (capex) for operators when using
COTS hardware. To get reasonable performance from COTS hardware, the software
architecture and resource scheduling must be carefully designed. In particular the COTS
hardware must be augmented with accelerators, e.g., Graphics Processing Units
(GPUs), Field Programmable Gate Arrays (FPGAs) and Application Specific Integrated
Circuits (ASICs). These accelerators are typically challenging to share efficiently in multi-
user/multi-tenant/multi-service setting, since they lack support for pre-empting and
resuming jobs as is done on standard Central Processing Units (CPUs).

In the context of a cloud RAN, periodic radio data arrives at the CPU for
processing. While processing the radio data, the CPU may hand over part of the
processing task to the accelerator to speed up the processing. In order to conserve
power, the CPU can be set to an idle mode or low power state when data is handed over
to the accelerator for processing and the frequency of the clock signal supplied to the
CPU will be reduced by the clock frequency governor upon detection of the idle state.
When the accelerator completes its accelerated calculations and the CPU returns to an
active state, the clock signal needs to be ramped up to normal speed. The ramping of
the clock signal contributes to the processing delay and can cause the CPU to miss its
deadline for processing the current task.

SUMMARY

The present disclosure relates generally to a CPU clock frequency governor for a
CPU in a cloud RAN that uses network information to control the frequency of the clock
signal supplied to the CPU to conserve power without contributing to increased latency.
The CPU receives radio data for processing at the start of a period and the processing
needs to be completed before the end of the period. The CPU offloads heavy

computations involved in processing the 5G workloads to a GPU or other accelerator. In
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order to conserve power, the CPU enters an idle state when the radio data is handed
over to the GPU for processing and the frequency of the CPU clock signal is reduced. A
first timer is set based on an estimated execution time of the GPU to ramp-up the CPU
clock before the radio data is handed back to the CPU so that the CPU is ready to
process the results immediately once the GPU finishes its processing. Furthermore, if
the processing of the radio data by the CPU is finished before the deadline, the CPU
enters the idle state and a second timer is set to ramp-up the CPU clock before the start
of the next period. Ramping the CPU clock in advance of the time that the CPU returns
to the active state enables the CPU to fully process the radio data before the next
period.

A first aspect of the disclosure comprises methods of controlling a clock signal for
CPU resources in a cloud RAN to conserve power. In one embodiment, the method
comprises receiving information indicative of a transmission pattern of radio data to be
processed. The method further comprises estimating an execution time for co-
processing the radio data by an accelerator associated with the CPU. The method
further comprises controlling a frequency of the clock signal provided to the CPU based
on the transmission pattern of the radio data, the estimated execution time for co-
processing the radio data, and a ramping time of the clock signal.

A second aspect of the disclosure comprises clock frequency governor for
controlling a frequency of a clock signal for a CPU in a cloud RAN. The clock frequency
governor is configured to receive information indicative of a transmission pattern of radio
data to be processed. The clock frequency governor is further configured to estimate an
execution time for co-processing the radio data by an accelerator associated with the
CPU. The clock frequency governor is further configured to control the frequency of the
clock signal provided to the CPU based on the transmission pattern of the radio data, the
estimated execution time for co-processing the radio data, and a ramping time of the
clock signal.

A third aspect of the disclosure comprises a computing system for a cloud RAN.
The computing system network interface circuitry for communicating radio data with
other network devices, a CPU and accelerator configured to process the radio data, and
a clock frequency governor for controlling a frequency of a clock signal provided to the
CPU. The clock frequency governor is configured to receive information indicative of a
transmission pattern of radio data to be processed. The clock frequency governor is

further configured to estimate an execution time for co-processing the radio data using
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an accelerator associated with the CPU. The clock frequency governor is further
configured to control the frequency of the clock signal provided to the CPU based on the
transmission pattern of the radio data, the estimated execution time for co-processing
the radio data, and a ramping time of the clock signal.

A fourth aspect of the disclosure comprises a computer program for clock
frequency governor configured to control a frequency of a clock signal for a CPU in a
cloud RAN. The computer program comprises executable instructions that, when
executed by processing circuitry in the workload scheduler, causes the workload
scheduler to perform the method according to the first aspect.

A fifth aspect of the disclosure comprises a carrier containing a computer
program according to the fourth aspect. The carrier is one of an electronic signal, optical
signal, radio signal, or a non-transitory computer readable storage medium.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a cloud infrastructure model for a wireless communication
network.

Figure 2 illustrates an exemplary cloud RAN architecture for a wireless
communication network.

Figure 3 illustrates an arrangement of computational resources in a cloud RAN.

Figure 4 is a timeline illustrating one example of how processing is divided
between a CPU and accelerator.

Figure 5 is a timeline illustrating operation of the CPU clock in a conventional
system.

Figure 6 is a graph illustrating the relation between power (W) and core voltage
(V).

Figure 7 is a timeline illustrating operation of the CPU clock to reduce latency
according to an embodiment.

Figure 8 illustrates the computation of an estimated execution time for the
accelerator to process radio data.

Figure 9 illustrates communications between the main functional components of
the computing system to support network aware control of the CPU clock.

Figure 10 is exemplary pseudocode for the CPU clock frequency governor.

Figure 11 illustrates a method implemented by a network-aware CPU clock

frequency governor.
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Figure 12 illustrates an embodiment of a network-aware CPU clock frequency
governor.

Figure 13 illustrates a computer system for a cloud RAN including a network
aware CPU clock frequency governor.

DETAILED DESCRIPTION

The present disclosure relates generally to the control of a clock signal for a CPU
providing computational resources for processing periodic radio data for a cloud RAN.
The CPU receives radio data for processing at the start of a processing period and the
processing needs to be completed before the end of the period. The CPU offloads
heavy computations involved in processing the 5G workloads to a GPU or other
accelerator. In order to conserve power, the CPU enters an idle state when the radio
data is handed over to the GPU for processing and the frequency of the CPU clock
signal is reduced. A firsttimer is set based on an estimated execution time of the GPU
to ramp-up the CPU clock before the radio data is handed back to the CPU so that the
CPU is ready to process the results immediately once the GPU finishes its processing.
Furthermore, if the CPU completes the processing of the radio data before the deadline,
the CPU enters the idle state and a second timer is set to ramp-up the CPU clock before
the start of the next period. Ramping the CPU clock in advance of the time that the CPU
returns to the active state reduces latency due to ramping of the CPU clock and enables
the CPU to fully process the radio data before the next period.

Figure 1 illustrates an exemplary cloud computing model 10 for a communication
network using virtualized NFs (VNFs) 25 and containerized NFs (CNFs) 35. Instead of
proprietary hardware, the cloud computing model 10 uses industry standard servers,
high volume storage and generic networking hardware that are organized into one or
more data centers 15. The physical resources of the data centers 15 are shared via a
virtualization layer (e.g., OpenStack or VMware) 20 that provides infrastructure as a
service (laaS) and/or a containerization layer (e.g., Kubernetes) 30 that provides
containers as a service (CaaS). The containerization layer 30 may be deployed on bare
metal (BM) or on a virtual machine (VM) provided by the virtualization layer 20. The
various NFs in a communication network are implemented as software running on a VM
provided by a virtualization layer 20, or in a container provided by a containerization
layer 30. The cloud computing model 10 provides ubiquitous, on-demand access to
cloud resources that enables rapid provisioning and configuration of VNFs 25 and CNFs
35.



10

15

20

25

30

WO 2023/167616 PCT/SE2022/050214

A NFV Management and Orchestration (MANQO) architecture provides a
framework for the management and orchestration of the network resources including
computing, networking, storage, virtual machine (VM) and container resources. NFV
MANO includes three main components: a Virtualized Infrastructure Manager (VIM) 40,
a NFV Orchestrator 45 and one or more Virtual NF Managers (VNFMs) 50. The VIM 40
is responsible for controlling, managing, and monitoring the compute, storage, and
network hardware provided by the datacenter 15. The NFV Orchestrator 45 is
responsible for resource coordination including the creation, allocation and termination of
VMs and containers that are used by the VNFs/CNFs 25, 35. The VNFM 50 is
responsible for the life period management of VNFs 25 and CNFs 35. VNFM 50
operations include instantiation of VNFs/CNFs 25, 35, scaling of VNFs/CNFs 25, 35,
updating and/or upgrading VNFs/CNFs 25, 35 and termination of VNFs/CNFs 25, 35. A
VNFM 50 can be assigned to either a single VNF/CNF 25, 35 instance or to multiple
VNF/CNF 25, 35 instances. The VNFs/CNFs 25, 35 managed by a VNFM 50 can be all
of the same type of NF or a mix of different types of NFs.

While network operators have focused primarily on virtualization of core network
functions, such as the vIMS, vEPC and vyMME, NFV offers a new alternative, known as
cloud RAN, to conventional RAN architectures based on proprietary hardware. In a
cloud RAN, certain RAN functions are moved into the cloud and implemented using
generic, commercial off-the-shelf (COTS) hardware. The virtualized RAN functions are
implemented as microservices in containers that can be deployed and managed
according to cloud-native principles.

Figure 2 illustrates an exemplary cloud RAN architecture. Essentially, the BBU
resources are virtualized, moved into the cloud and implemented using COTS servers.
The virtual BBUs (vBBUs) are typically part of a BBU pool shared by multiple RUs. The
centralization of BBU equipment in the cloud helps lower the total cost of hardware and
is more easily scalable.

In the embodiment shown in Figure 2, the vBBU is further divided into a
virtualized data unit (vDU) 120 and a virtualized central unit (vCU) 110. The vDU 120 is
typically implemented in an edge network close to the RU while the vCU 110 can be
centralized. The vDU 120 is connected to one or more RUs by a fronthaul network, such
as an optical fiber network, and is responsible for most baseband processing tasks,
some of which require accelerators to meet stringent latency requirements, for Ultra

Reliable Low Latency Communications (URLLC). Exemplary processing tasks handled
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by the vDU 120 include Layer 1 (L1) processing, Medium Access Control (MAC) and
Radio Link Control (RLC) processing, and scheduling. The L1 processing includes
Physical Downlink Control Channel (PDCCH) signal processing, Physical Downlink
Shared Channel (PDSCH) signal processing, Physical Uplink Shared Channel (PUSCH)
signal processing, Sounding Reference Signal (SRS) processing and beamforming
weight (BFw) calculations. Processing of the PDSCH, PUSCH, SRS and BFw
calculations typically requires accelerators to meet low latency requirements. These
processes are highlighted in figure 2 by a box drawn with a bold line. The vCU 110 is
located between the vDU 120 and core network in the processing pipeline and
aggregates packet flows for many vDUs 120. The vCU 110 communicates with the vDU
120 over a midhaul network (F1) and with the core network over a backhaul network.
The midhaul and backhaul networks may comprise |IP networks.

One of the key cell configuration parameters in 5G RAN is numerology. The five
numerologies currently defined in the Third Generation Partnership Project (3GPP)

standards for 5G are shown in Table 1 below.

# Ny N N
0 14 10 1

1 14 20 2

2 14 40 4

3 14 80 8

4 14 160 16

Table 1: 3GPP Numerologies

The choice of numerology for a RAN is generally driven by the wave propagation
model of the deployment frequency. In a high band, for example, more phase noise is
observed and therefore greater carrier separation is required (e.g., 120KHz or
numerology 3). On the other hand, when targeting sub-6GHz deployment, a 30KHz sub-
carrier separation (numerology 1) is better suited to the task. The numerology provides a
sense of the largest possible cell radius and rough HARQ latency based on a 500us
Transmission Time Interval (TTI). These numerologies serve the purpose of configuring
the baseband to meet given latency and QoS requirements. |In 5G deployments, the
numerology configuration is typically assigned statically upon deployment.

In the 5G network, radio data is transmitted in a periodic interval referred to as a

transmission time interval. Transmit or receive data arrives periodically at the vBBU or
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vDU and needs to be processed before the next data arrives. The length of the period
for processing the data depends on the numerology.

Figure 3 illustrates an arrangement of computational resources for processing
periodic data in a cloud RAN. The cloud RAN baseband processing is typically divided
between two processing elements: the CPU and a GPU (or other accelerator) connected
to the GPU that handles heavy computations. The incoming data is received by the CPU
and copied to the GPU, which handles the heavy computations. The GPU execution is
controlled by the CPU. When the GPU computations are completed, the result is copied
back to main memory of the CPU.

Figure 4 is a timeline illustrating the division of the baseband processing between
the CPU and GPU in a cloud RAN. The period, start time and deadline for periodic 5G
workloads are shown on the timeline. For simplicity, the deadline corresponds to the end
of the period. Those skilled In the art will appreciate that the deadline could occur before
the end of the period and the principles and mechanisms herein described can be
generalized and extended to those embodiments. As illustrated in Figure 4, the periodic
workloads have hard deadlines. The CPU must finish processing the current task before
the period is over, because a new period will start at the deadline and a new task for
processing will be received. If the current task is not completed, it will delay the start of
the second period, and thus eventually push all subsequent periods later and later in
time in a cascading effect.

As shown in the timeline, the CPU enters an idle state when the data is handed
over to the GPU for processing and the frequency of the CPU clock signal is reduced to
conserve power. The CPU returns to the active state when the GPU finishes its
processing. Furthermore, if the CPU completes processing of the radio data before the
deadline, the CPU enters the idle state to wait for the start of the next processing period.
For each transition from the idle state to the active state, the CPU clock is ramped up
gradually until it reaches full speed. During this ramping period, data processing will be
slower than normal.

Reducing the CPU clock frequency while the CPU is idle can result in significant
savings in terms of power. The power used by the system is quadratically dependent on
the voltage as shown in Figure 6. This nonlinear relation shows that voltage scaling can
provide substantial benefits in terms of power saving and is an important feature in the

design of energy efficient systems.
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Figure 5 is another timeline showing the normal operation of the CPU clock
during a processing period. Before the start of the period and after the CPU has
transferred data to the GPU, the CPU is idle. The idle state triggers the standard CPU
clock frequency governor to ramp down the CPU clock, i.e., reduce the frequency of the
clock signal provided to the CPU, to save power. The clock frequency governor will then
ramp up the CPU clock when the CPU returns to the active state. A conventional
sample-based clock frequency governor detects and reacts to the change in state of the
CPU. The overhead involved in ramping up the clock leads to a delay. In practice, the
CPU processes data significantly slower while the clock signal is ramping compared to
full speed, which results in some delay in processing the data. The processing delay is
not only caused by the fact that the clock needs time to ramp up, but also by the length
of the sampling period for detecting state changes. In many cases, the delay due to the
ramping of the clock signal leads to a processing overrun where the deadline is missed
and the CPU continues to process the current task even though it has received a new
task for the subsequent period. These delays can have a cascading effect on
subsequent periods, where greater delay is introduced in each successive period.

One aspect of the present disclosure is to reduce these processing delays by
using knowledge of the workload characteristics and system information to ramp the
CPU clock before the predicted end of the idle periods so that the CPU is operating at
full speed immediately upon returning to the active state. In one embodiment, three
pieces of information are used for controlling the frequency of the clock signal from the
CPU clock: the length of the processing period allotted to the CPU for processing the
data; the execution time needed by the GPU for performing the accelerated calculations,
and the amount of time required to ramp up the CPU clock to full speed when the CPU
transmission from the idle state to an active state Using these pieces of information, a
CPU clock frequency governor proactively controls the frequency of the CPU clock
signal so that the CPU is running at full speed at the start of the processing period, and
when the GPU hands over results of its accelerated calculations.

The first factor, the length of the processing period, depends on the transmission
(TX) pattem (e.g., periodicity) of the data. In 5G systems, user data transmitted on the
PUSCH or PDSCH is typically transmitted in periodic intervals referred to as TTls. The
length of a TTl depends on the numerology, i.e., channel spacing, used for data
transmissions. For a conventional 15kHz channel spacing, a TTl is equal to 1 ms, which

comprises fourteen Orthogonal Frequency Division Multiplexing (OF DM) symbols. The
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length of the TTI will vary, however, depending on the numerology. For higher
numerologies, the length of the TTI will decrease and for lower numerologies the length
of the TTI will increase. In embodiments of the present disclosure, knowledge of the
numerology can thus be used to determine the length of a processing period, which in
general will be the same as the length of the TTI.

In 5G, periodic data with equal length TTls is the most common TX pattem.
Those skilled in the art will appreciate, however, that the principles herein described can
also be applied to more complex TX patterns. For example, the techniques herein
described could be applied to semi-periodic TX patterns where the length of different
data transmissions varies in a predictable or reoccurring manner. In general, the
technique herein described can be applied to any predictable or reoccurring TX pattern.

The second factor, the GPU execution time, refers to the amount of time needed
by the GPU to perform accelerated calculations and can be measured from the time the
CPU hands over data to the GPU until the time that the GPU returns the results of the
accelerated calculations to the CPU. It has been observed that a) the execution time of
the GPU is proportional to the workload size, and b) the cellular workload will typically
vary slowly (compared to the execution time). One import of these observations is that a
simple moving average estimation can provide sufficiently accurate execution time
estimates. As described in more detail below, measurements or observations of the
execution times of the GPU over a large number of processing periods can also be
described by a statistical distribution, which is continuously updated.

The third factor, the ramping time for the CPU clock, is the amount of time
needed to ramp up the CPU clock from a low speed to full speed when the CPU returns
to an active state. The CPU clock cannot switch instantaneously from low speed to full
speed but needs some time to gradually ramp up. The ramping time depends on the
bandwidth and response time of the phase-locked loop (PLL) controlling the clock signal.
The ramping time is typically available as part of the system information.

In embodiments of the present disclosure, a CPU clock frequency governor uses
the length of the processing period, the GPU execution time, and the ramping time of the
CPU clock to proactively control the CPU clock in contrast to a generic sample-based
governor that detects and reacts to state changes of the CPU. In a typical computer, the
Advanced Configuration and Power Interface (ACPI) provides an open standard that
operating systems can use to discover and configure computer hardware components,

to perform power management, e.g., putting unused hardware components to sleep or to
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perform status monitoring. The ACPI Specification defines the following four global "Gx"

states and six sleep "Sx" states for an ACPI-compliant computer system are shown in
Table 2 below:

Gx

Name

Sx

Description

GO

Working

S0

The computer is running and the CPU executes
instructions. "Awaymode" is a subset of SO, where
monitor is off but background tasks are running

G1

Sleeping

S0ix

Modermn Standby, or "Low Power SO Idle". Partial
processor SoC sleep. Known to ARM and x86 devices.

S1

Power on Suspend (POS): Processor caches are flushed,
and the CPU(s) stops executing instructions. The power
to the CPU(s) and RAM is maintained. Devices that do
not indicate they must remain on may be powered off

82

CPU powered off. Dirty cache is flushed to RAM

83

commonly referred to as Standby, Sleep, or Suspend to
RAM (STR). RAM remains powered

S4

Hibernation or Suspend to Disk: All content of the main
memory is saved to non-volatile memory such as a hard
drive, and the system is powered down

G2

Soft Off

S5

G2/S5 is almost the same as G3 Mechanical Off, except
that the power supply unit (PSU) still supplies power, at a
minimum, to the power button to allow return to SO. A full
reboot is required. No previous content is retained. Other
components may remain powered so the computer can
"wake" on input from the keyboard, clock, modem, LAN,
or USB device

G3

Mechanical
Off

The computer's power has been totally removed via a
mechanical switch (as on the rear of a PSU). The power
cord can be removed and the system is safe for
disassembly (typically, only the real-time clock continues
to run using its own small battery)

Table 2: Global States For ACPI

The CPU receives radio data for processing at the start of a processing period

and the processing needs to be completed before the end of the period. The processing

to be performed is referred to herein as a task and the data to be processed is referred

to as a workload. The CPU offloads heavy computations involved in processing the 5G

workload to a GPU or other accelerator (e.g., FPGA or ASIC). In order to conserve

power, the CPU enters an idle state when the radio data is handed over to the GPU for

processing and the CPU clock frequency governor reduces the frequency of the CPU

clock signal to conserve power.

As previously noted, the estimated execution time of the GPU is constantly

measured and updated. One simple and straightforward method for updating the

estimated execution time is to use a simple moving average over a predetermined
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number n of periods. Another method is to fit measurements over a large number of
periods to a statistical distribution (e.g., ensuring that the cumulative distribution function
(CDF) of latency-model matches the measured latency distribution, for example by using
the Matlab dfittool). One example of a statistical distribution is illustrated in Figure 8,
where the model estimator could be configured to use the p95-latency from the
estimated latency distribution, e.g., the right-most bin. The characteristics of the
workload may depend on the type of 5G workload, for example the speed at which it
may vary. This information may optionally be supplied to the estimator to control how
often new estimates should be calculated. There are several alternative methods to
estimate the execution time, including techniques based on machine learning. The
particular method used to estimate the execution time of the GPU is not material.

The CPU clock frequency governor uses the estimate of the GPU execution time
to set a timer that triggers the start of the ramping period for ramping up the CPU clock
before the GPU completes its computations. More particularly, a first timer referred to as
Timer A is set equal to the estimated execution time of the GPU minus the ramping
period for the CPU clock provided by system information. When Timer A expires, the
clock frequency governor beings ramping the CPU clock so that when the GPU
completes is calculations and hands the results back to the CPU, the CPU will be
running at full speed. The proactive ramping of the CPU clock signal thus avoids
processing delays attributable to the ramping of the CPU clock. After receiving
processing results from the GPU, the CPU completes any remaining processing. If the
CPU completes processing before the end of the current period, the CPU can be set to
idle mode and a second timer referred to as Timer B is set to start ramping of the CPU
clock before the start of the next period. The second timer can be computed by
subtracting the ramping time from the time left in the current period.

Figure 9 illustrates the main logical functions of the CPU clock frequency
governor 300. The CPU clock frequency governor 300 includes four main logical
functions to perform process control, period determination, GPU execution time
estimation, and frequency control. Some functions, such as the clock control, period
determination, and execution time estimation could be performed by software modules
executing on the CPU. Some functions, such as the frequency control, could be
performed by a separate processor, firmware, or hardware circuit. In other
embodiments, software executing on the CPU or other processor could perform all of the

functions shown in Figure 9. In still other embodiments, the functions could be
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distributed between software executed by the CPU and software executed by another
processor. The precise details of the implementation are not material.

The CPU clock frequency governor receives the workload type and the
numerology associated with the data transmission as inputs. The processing period
determination function determines the processing period for processing the radio data
based on the numerology and updates the frequency control function with information
about the period length by calling setPeriodTime(). As one example, the period
determination function determines the processing period for processing the radio data.
In this example, the processing period for processing PDSCH/PUSCH is determined
based on the numerology. In one embodiment, the TTI interval for PDSCH/PUSCH
transmission is determined based on the numerology and the processing period is set
equal to the time duration of the TTI, or some other function of the TTIl. During execution
of the task, the process control function calls sleepAndWakeUpLater() every time the
GPU executes. During normal operation, the process control function will also report the
measured execution time of the GPU for and the workload type for each task to the
execution time estimation function. As previously described, the execution time
estimation function continuously estimates the execution time of the GPU using a
moving average or statistical distribution. The execution time estimation function
continuously, periodically or responsive to some trigger updates the frequency control
function with the relevant estimated execution times by calling SetExecutionTime().
Using the provided information, the frequency control function outputs a frequency
control signal to the clock circuit or hardware platform to control the frequency of the
CPU clock and the ramp-up times for the CPU clock in order to ensure that the CPU is
ready to process the results once the GPU has completed its computations and also to
ensure that the CPU is ready to start once the next period begins. The clock circuit or
hardware platform may include an API that is exposed to the clock frequency governor
and the frequency control command may be a part of the API.

For illustrative purposes, Figure 10 provides example pseudo-code for
implementing the CPU clock frequency governor. When the CPU clock frequency
governor 300 receives the SleepAndWakeUpLater() function call from the controller 350,
it determines the call type. The call type can be either to wait for GPU execution or to
wait for a new period to start. In the first case, the CPU clock frequency governor 300
sets a first timer equal to the estimated GPY execution time minus the ramp up time for

the CPU clock signal. In the second case, the clock frequency governor 300 sets a
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second timer equal to the time until the start of the new period minus the ramp up time of
the clock signal. In either case, when timer expires, the CPU clock frequency governor
300 will start ramping the CPU clock signal.

Figure 11 illustrates an exemplary method 200 implemented by a CPU clock
frequency governor 300 of controlling a clock signal for CPU resources in a cloud RAN
to conserve power. A CPU clock frequency governor receives information indicative of a
TX pattern of radio data to be processed (block 210). The CPU clock frequency
governor further estimates an execution time for co-processing the radio data by an
accelerator (e.g. GPU, FPGS, ASIC, etc.) associated with the CPU (block 220). The
CPU clock frequency governor controls a frequency of the clock signal provided to the
CPU based on the TX pattern of the radio data, the estimated execution time for co-
processing the radio data, and a ramping time of the clock signal (block 230).

In some embodiments of the method 200, receiving information indicative of a TX
pattern of the radio data to be processed comprises receiving information indicative of a
periodicity of the radio data. In some embodiments, the information comprises a
numerology used for the transmission of the radio data.

Some embodiments of the method 200 further comprise determining a
processing period for processing the radio data based on information indicative of the TX
pattern. In this context, period refers to the time interval for processing the data. In the
case of PDSCH/PUSCH processing, the processing period may be periodic. In this case
the processing period may be determined as a function of the TTI for sending
PUSCH/PDSCH data. In other scenarios, such as processing BFw signals and SRS,
the processing period may not be a periodic time interval.

In some embodiments of the method 200, estimating an execution time for co-
processing the radio data comprises estimating the execution time based on historical
data. In some embodiments of the method 200, estimating the execution time based on
historical data comprises measuring the execution time for co-processing the radio data
over a plurality of processing periods to obtain measurement data, and estimating the
execution time based on the measurement data.

In one embodiment, the execution time is estimated based on the measurement
data comprises computing a running average over a predetermined number of the
processing periods.

In some embodiments of the method 200, estimating the execution time based

on the measurement data comprises generating a statistical distribution of the execution
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time over the plurality of the processing periods, and computing an estimated execution
time based on the statistical distribution.

In some embodiments of the method 200, controlling the frequency of the clock
signal comprises determining a start time of a processing period for processing the radio
data based on the received information, and increasing the frequency of the clock signal
during a first ramping period before the start time of the processing period, wherein the
first ramping period is determined based on the ramping time of the clock signal.

Some embodiments of the method 200, further comprise switching the CPU to an
idle state and decreasing the frequency of the clock signal while radio data is co-
processed by the accelerator; switching the CPU to an active state when the co-
processing is completed based on the estimated execution time, and increasing a
frequency of the clock signal during a second ramping period prior to the return of the
CPU to the active state, wherein the second ramping period is determined based on the
ramping time.

Some embodiments of the method 200, further comprise completing, by the
CPU, processing of the radio data in the active state, and switching the CPU to the idle
state when the processing of the radio data is completed.

An apparatus can perform any of the methods herein described by implementing
any functional means, modules, units, or circuitry. In one embodiment, for example, the
apparatuses comprise respective circuits or circuitry configured to perform the steps
shown in the method figures. The circuits or circuitry in this regard may comprise circuits
dedicated to performing certain functional processing and/or one or more
microprocessors in conjunction with memory. For instance, the circuitry may include one
or more microprocessor or microcontrollers, as well as other digital hardware, which may
include Digital Signal Processors (DSPs), special-purpose digital logic, and the like. The
processing circuitry may be configured to execute program code stored in memory,
which may include one or several types of memory such as read-only memory (ROM),
random-access memory, cache memory, flash memory devices, optical storage devices,
etc. Program code stored in memory may include program instructions for executing
one or more telecommunications and/or data communications protocols as well as
instructions for carrying out one or more of the techniques described herein, in several
embodiments. In embodiments that employ memory, the memory stores program code
that, when executed by the one or more processors, carries out the techniques

described herein.
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Figure 12 illustrates an exemplary clock frequency governor 300 according to an
embodiment. The clock frequency governor 300 comprises a receiving unit 310, a
estimating unit 320 and a frequency control unit 330. The various units 310-330 can be
implemented by hardware and/or by software code that is executed by one or more
processors or processing circuits. The receiving unit 310 is configured receive
information indicative of a TX pattern of radio data to be processed. The estimating unit
320 is configured to estimate an execution time for co-processing the radio data by an
accelerator associated with the CPU. The frequency control unit 330 is configured to
control the frequency of the clock signal provided to the CPU based on the TX pattern of
the radio data, the estimated execution time for co-processing the radio data, and a
ramping time of the clock signal.

Figure 13 illustrates a computing system 400 in a cloud RAN for processing radio
data transmitted or received by a cell in a wireless communication network. The
computing system 400 generally comprises network interface circuitry (NIC) 410 for
communicating radio data with other network nodes/devices, a CPU 420 and accelerator
430 configured to process the radio data, and a clock frequency governor 300 to control
the frequency of a clock signal supplied to the CPU 410, and memory 450.

The NIC 410 connects the computing system 400 to a communication network
for communication with the radio unit (RU) and other network nodes/devices. The NIC
410 may comprise a wired or wireless interface operating according to any standard,
such as the Ethernet, Wireless Fidelity (WiFi) and Synchronous Optical Networking
(SONET) standards.

The CPU 420 may comprise a single core or multi-core processor, such as a
reduced instruction set computing (RISC) processor or complex instruction set
computing (CISC) processor. The accelerator 420 may comprise a graphics processing
unit (GPU), Field Programmable Gate Array (FPGA), Application Specific Integrated
Circuit (ASIC), hardware accelerator, or combination thereof.

The clock frequency governor 300 may comprise a separate microchip or
microprocessor that generates the clock signal and regulates the timing of the CPU 420
and/or accelerator 430. Alternatively, the clock frequency governor 300 may be
implemented by a control unit in the CPU. As another alternative, the various functions
of the clock frequency governor can be distributed between the control unit in the CPU
and other processing circuitry. Regardless of the specific details of the implementation,

the clock frequency governor 300 is configured to perform the method 200 of Figure 11.
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Memory 450 comprises both volatile and non-volatile memory for storing
computer program code and data needed by the computing system 400 for operation.
Memory 450 may store computer programs executed by the CPU 420, accelerator 430
and clock circuit 440. Memory 450 may comprise any tangible, non-transitory computer-
readable storage medium for storing data including electronic, magnetic, optical,
electromagnetic, or semiconductor data storage. In one embodiment, memory 450
stores a computer program 460 comprising executable instructions that configures the
CPU clock frequency governor 300 to implement the method 200 according to Figure 11.
A computer program 460 in this regard may comprise one or more code modules
corresponding to the means or units described above. In general, computer program
instructions and configuration information are stored in a non-volatile memory, such as a
ROM, erasable programmable read only memory (EPROM) or flash memory.
Temporary data generated during operation may be stored in a volatile memory, such as
a random access memory (RAM). In some embodiments, computer program 460 may
be stored in a removable memory, such as a portable compact disc, portable digital
video disc, or other removable media. The computer program 460 may also be
embodied in a carrier such as an electronic signal, optical signal, radio signal, or
computer readable storage medium.

Those skilled in the art will also appreciate that embodiments herein further
include corresponding computer programs. A computer program comprises instructions
which, when executed on at least one processor of an apparatus, cause the apparatus
to carry out any of the respective processing described above. A computer program in
this regard may comprise one or more code modules corresponding to the means or
units described above.

Embodiments further include a carrier containing such a computer program. This
carrier may comprise one of an electronic signal, optical signal, radio signal, or computer
readable storage medium.

In this regard, embodiments herein also include a computer program product
stored on a non-transitory computer readable (storage or recording) medium and
comprising instructions that, when executed by a processor of an apparatus, cause the
apparatus to perform as described above.

Embodiments further include a computer program product comprising program

code portions for performing the steps of any of the embodiments herein when the

17



WO 2023/167616 PCT/SE2022/050214

computer program product is executed by a computing device. This computer program

product may be stored on a computer readable recording medium.
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CLAIMS
1. A method (200) of controlling a clock signal for a central processing unit (CPU) of
a computer in a cloud infrastructure for a radio access network (RAN), the method

comprising:

receiving (210) information indicative of a transmission pattern of radio data to be

processed;

estimating (220) an execution time for co-processing the radio data by an

accelerator associated with the CPU; and

controlling (230) a frequency of the clock signal provided to the CPU based on
the transmission pattern of the radio data, the estimated execution time

for co-processing the radio data, and a ramping time of the clock signal.

2. The method (200) of claim 1, wherein receiving information indicative of a
transmission pattern of the radio data to be processed comprises receiving information

indicative of a periodicity of the radio data.

3. The method (200) of claim 2, wherein the information comprises a numerology

used for the transmission of the radio data.

4, The method (200) of any one of claims 1 - 3, further comprising determining a
processing period for processing the radio data based on information indicative of the

transmission pattern.

5. The method (200) of any one of claims 1 - 4, wherein estimating an execution
time for co-processing the radio data comprises estimating the execution time based on

historical data.

6. The method (200) of claim 5, wherein estimating the execution time based on

historical data comprises:

measuring the execution time for co-processing the radio data over a plurality of

processing periods to obtain measurement data; and
estimating the execution time based on the measurement data.

7. The method (200) of claim 6, wherein estimating the execution time based on the
measurement data comprises computing a running average over a predetermined

number of the processing periods.
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8. The method (200) of claim 6, wherein estimating the execution time based on the

measurement data comprises:

generating a statistical distribution of the execution time over the plurality of the

processing periods; and
computing an estimated execution time based on the statistical distribution.

9. The method (200) of any one of claims 1 - 8, wherein controlling the frequency of

the clock signal comprises:

determining a start time of a processing period for processing the radio data

based on the received information; and

increasing the frequency of the clock signal during a first ramping period before
the start time of the processing period, wherein the first ramping period is

determined based on the ramping time of the clock signal.
10. The method (200) of any one of claims 1 - 9, further comprising:

switching the CPU to an idle state and decreasing the frequency of the clock

signal while radio data is co-processed by the accelerator;

switching the CPU to an active state when the co-processing is completed based

on the estimated execution time; and

increasing a frequency of the clock signal during a second ramping period prior
to the return of the CPU to the active state, wherein the second ramping

period is determined based on the ramping time.
11. The method of claim 10, further comprising:
completing, by the CPU, processing of the radio data in the active state; and

switching the CPU to the idle state when the processing of the radio data is

completed.

12. A clock frequency governor (300) for controlling a frequency of a clock signal for
a central processing unit (CPU) in a cloud radio access network (RAN), the clock

frequency governor being configured to:

receive information indicative of a transmission pattern of radio data to be

processed;
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estimate an execution time for co-processing the radio data by an accelerator
associated with the CPU; and

control the frequency of the clock signal provided to the CPU based on the
transmission pattern of the radio data, the estimated execution time for

co-processing the radio data, and a ramping time of the clock signal.

13. The clock frequency governor (300) of claim 12, further configured to perform the

method of any one of claim 2 - 11.
14. A computing system (400) for a cloud radio access network, the computing
device comprising:

network interface circuitry (405) for communicating radio data with other network

devices;

a central processing unit (CPU) (410) and accelerator (420) configured to

process the radio data;

a clock frequency governor (300) for controlling a frequency of a clock signal

provided to the CPU, the clock frequency governor being configured to:

receive information indicative of a transmission pattern of radio data to be

processed;

estimate an execution time for co-processing the radio data by an

accelerator associated with the CPU; and

control the frequency of the clock signal provided to the CPU based on
the transmission pattern of the radio data, the estimated execution
time for co-processing the radio data, and a ramping time of the

clock signal.

15. The computing system of claim 14, wherein the clock frequency governor (300) is

further configured to perform the method of any one of claim 2 - 11.
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