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Functional architecture for stateless fair queuing in large scale networks 

including IMT-2020 and beyond 

Summary 

This Recommendation specifies the functional architecture, functional entities, operational 

procedures, and packet metadata to fulfill the requirements and framework specified in [ITU-T 

Y.3129].  It enables deterministic networking with a set of work conserving packet schedulers in the 

data plane, which guarantees end-to-end (E2E) latency bounds to flows.  

In particular, the procedures for metadata usage, metadata creation and update, priority queue 

management, and time difference compensation are specified. The use of FIFO instead of priority 

queue, as the approximated implementations of the stateless fair queuing, is specified as well. 
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Draft new Recommendation ITU-T Y.3148 (formerly Y.det-FQ-fa) 

Functional architecture for stateless fair queuing in large scale networks 

including IMT-2020 and beyond 

1 Scope 

This Recommendation specifies the functional architecture, functional entities, operational 

procedures, and packet metadata to fulfill the requirements and framework specified in [ITU-T 

Y.3129].  It enables deterministic networking with a set of work conserving packet schedulers in the 

data plane, which guarantees end-to-end (E2E) latency bounds to flows. 

2 References 

The following ITU-T Recommendations and other references contain provisions, which, through 

reference in this text, constitute provisions of this Recommendation. At the time of publication, the 

editions indicated were valid. All Recommendations and other references are subject to revision; 

users of this Recommendation are therefore encouraged to investigate the possibility of applying the 

most recent edition of the Recommendations and other references listed below. A list of the currently 

valid ITU-T Recommendations is regularly published. 

The reference to a document within this Recommendation does not give it, as a stand-alone document, 

the status of a Recommendation. 

[ITU-R M.1645]  Recommendation ITU-R M.1645 (06/2003), Framework and overall objectives 

of the future development of IMT-2000 and systems beyond IMT-2000. 

[ITU-R M.2083]  Recommendation ITU-R M.2083-0 (09/2015), IMT Vision – Framework and 

overall objectives of the future development of IMT for 2020 and beyond. 

[ITU-T E.800] Recommendation ITU-T E.800 (09/2008), Definitions of terms related to quality 

of service. 

[ITU-T Y.3113]  Recommendation ITU-T Y.3113 (2021), Requirements and framework for 

latency guarantee in large scale networks including IMT-2020 network. 

[ITU-T Y.3120]  Recommendation ITU-T Y.3120 (2023), Functional Architecture for latency 

guarantee in large scale networks including IMT-2020 and beyond. 

[ITU-T Y.3129] Recommendation ITU-T Y.3129 (2024), Requirements and framework for 

stateless fair queuing in large scale networks including IMT-2020 network. 

3 Terms and definitions 

3.1  Terms defined elsewhere 

This Recommendation uses the following terms defined elsewhere: 

3.1.1 IMT-2020 [ITU-R M.2083]: Systems, system components, and related technologies that 

provide far more enhanced capabilities than those described in [ITU-R M.1645]. 

NOTE – [ITU-R M.1645] defines the framework and overall objectives of the future development of 

IMT-2000 and systems beyond IMT-2000 for the radio access network. 

3.2.3  large scale network [ITU-T Y.3120]: A network or a set of interconnected networks, with 

diameter of 16 or larger, in which the numbers of flows and nodes are proportional to the diameter of 

the network. 

3.2.4 relay node [ITU-T Y.3113]: A node supporting relay functionality that acts as an 

intermediary node, through which other nodes can pass their traffic (e.g. router, switch, gateway, etc.). 
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4 Abbreviations and acronyms 

This Recommendation uses the following abbreviations and acronyms: 

ACF  Admission Control Function 

AN  Access Network 

CDV  Clock Difference Value 

CMF  Clock Management Function 

CN  Core Network 

DN  Data Network 

E2E  End-To-End 

FE  Functional Entity 

FIFO  First-In First-Out 

FQ  Fair Queuing 

FT  Finish Time 

GBR  Guaranteed Bit Rate 

MMF  Metadata Management Function 

PGPS  Packetized Generalized Processor Sharing 

PIFO  Push-In First-Out 

QMF  Queue Management Function 

QoS  Quality of Service 

TCF  Time Compensation Function 

WFQ  Weighted Fair Queuing 

5 Conventions 

In this Recommendation: 

The keywords “is required to” indicate a requirement which must be strictly followed and from which 

no deviation is permitted if conformance to this Recommendation is to be claimed. 

The keywords “is recommended” indicate a requirement which is recommended but which is not 

absolutely required. Thus, this requirement need not be present to claim conformance. 

The keywords “can optionally” indicate an optional requirement which is permissible, without 

implying any sense of being recommended. This term is not intended to imply that the vendor’s 

implementation must provide the option and the feature can be optionally enabled by the network 

operator/service provider. Rather, it means the vendor may optionally provide the feature and still 

claim conformance with the specification. 

6 Introduction 

There are emerging applications that require both latency and jitter bounds in large-scale networks 

[b-ITU-T Y.Suppl66]. One of the key mechanisms that determine the latency and jitter performance 

of a network is the packet scheduling. Our objective is to specify a scheduling mechanism that can 

isolate a flow from other flows that are sharing a link. An ideal flow isolation scheduling mechanism 

would provide service to a flow, as if there are no other flows in an imaginary link whose capacity is 

equal to the allocated service rate to the flow. In this case the latency upper bound depends only on 

the flow characteristics such as maximum packet size and maximum burst size. 
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The fair queuing (FQ) technique is known to provide the maximum flow isolation while guaranteeing 

the end-to-end (E2E) latency. It limits interference between flows to the degree of maximum packet 

size. Packetized generalized processor sharing (PGPS) and weighted fair queuing (WFQ) are 

representative examples of this technology. In this technology, the key is to record the service status 

of the flow in real time to provide exactly the assigned amount of service. When this technique is 

applied, the worst delay at each node is proportional to the maximum packet length. However, for 

this purpose, managing and recording a large amount of state information for each flow is complex, 

hence it is not usually applied in practice. 

[ITU-T Y.3129] provides scalable solutions while preserving the performance of FQ. The first node 

in the network creates state information for each packet, including the finish time (FT) and other 

necessary information, and records them as packet metadata. Subsequent nodes infer the exact flow 

states at the node based on these metadata without managing flow state information.  

The framework in [ITU-T Y.3129] specifies a mechanism to guarantee E2E latency bounds, while 

meeting the requirements. It specifies how to obtain FT in core nodes and how to configure a network 

for latency guarantee. It also specifies the roles of entrance nodes and core nodes for generation and 

update of FT, how to mitigate the complexity of the entrance node, and the time difference 

compensation mechanisms. First, in the entrance node, where the flow arrives to the network, FT is 

calculated in the same way as a FQ scheduler, e.g. Virtual Clock [b-Zhang], with the flow state. Next, 

in a core node, the FT has to be updated by a new value that is the sum of the current FT and a delay 

factor, without the need for flow state. This framework is depicted in Figure 1. 

This Recommendation specifies the functional architecture, functional entities, operational 

procedures, and packet metadata to fulfill the requirements and framework specified in [ITU-T 

Y.3129]. The procedures for metadata usage, metadata creation and update, priority queue 

management, and time difference compensation are specified. The use of FIFO instead of priority 

queue, as an approximated implementation of the stateless fair queuing, is specified as well. The 

precision of and the number of bits to identify time are also specified. 

7 Functional architecture  

7.1 General description 

This clause specifies the functional architecture and functional entities, their functions and 

interactions.  

Figure 1 – Framework for E2E latency guarantee with stateless fair queuing [Y.3129] 
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The overall hierarchical architecture and functional entities (FEs) are depicted in Figure 2. The FEs 

are grouped into control plane, data plane, and resources. The main focus of this Recommendation is 

on the data plane. However, in order to specify the behaviour of the data plane accurately, it is 

necessary to understand how the data plane interacts with upper and lower layers. However, the 

control plane functions and the resources are out of scope of this Recommendation. 

7.2 Control plane functional entities 

Control plane FEs include admission control function (ACF) and time compensation function (TCF). 

These functional entities can reside in a certain node or to a central network control unit, if such a 

unit exists. These functional entities can also be distributed over multiple nodes. 

ACF guarantees that the sum of service rates allocated to the flows within the link of a relay node 

does not exceed the capacity of any link in the network. ACF can be dependent on the underlying 

data plane entities regarding the link utilization information. ACF is also responsible for the 

management of the current maximum packet lengths information of the links. 

TCF ensures that the time difference between adjacent nodes does not prevent the fair queuing 

scheduler from performing as intended. It obtains the value for compensation when updating finish 

time (FT), based on the time difference obtained in clock management function (CMF) in the data 

plane. Optionally, TCF can obtain the compensation value by directly communicating with CMF of 

other nodes. In this case, a special purpose packet is produced by TCF and sent to nodes to gather the 

clock information of these nodes. Note that the time difference between the nodes are mainly 

composed of the clock difference value (CDV) and the propagation delay. The time difference is 

calculated and distributed to the nodes. This information is used to compensate for the FT values. 

The functionality of ACF and TCF is described to support the understanding of the data plane 

functions. The details of the control plane functional entities are out of scope of this Recommendation. 

7.3 Data plane functional entities 

Data plane FEs include metadata management function (MMF), queue management function (QMF), 

and CMF. These functional entities reside in a node and are not shared across nodes. 

Figure 2 – Functional architecture for stateless fair queuing.  

Note: This Recommendation focuses on the data plane functions, which are depicted with solid lines.  



- 7 - 

SG13-TD169/WP4  

MMF reads the metadata in the header of an incoming packet and obtain the necessary information 

for stateless fair queuing. It may store the packet on the fly from the switching module to the output 

port temporarily, and then extract the metadata. MMF also updates the metadata fields in accordance 

with the time difference information obtained from TCF, the node specific parameters, and other 

metadata fields. MMF notifies QMF the FT value of the packet, so that QMF can schedule the packet 

appropriately. 

QMF enqueues and dequeues packets in accordance with their FT values, the parameters of the packet 

and the flow, and the queue management scheme. The queue management scheme can include first 

in first out (FIFO) and priority queuing(e.g. push in first out (PIFO)). In doing so, QMF reads and 

writes to the buffer. 

CMF reads a packet arrival time to the node based on the clock in the node. It obtains the departure 

time of the packet from the adjacent upstream node by some means, compares them, and calculates 

the time difference with the upstream node. In doing so, the departure time of a packet can be written 

as a metadata. Otherwise an out-of-band signaling can be used to obtain the departure time. However, 

this process is performed on demand, since the clock difference caused by the clock drift is relatively 

small compared to the absolute CDV. 

7.4 Resources 

It is assumed that each node has hardware resources such as switching module, buffer, link, and clock. 

It is further assumed that buffer and link belong to an output port, while switching module and clock 

are shared among the output ports of a node. 

Switching module transfers packets from an input port to an output port of the node. The transferred 

packet to an output port is stored to the buffer or a temporary storage area for the handling MMF. 

MMF extracts metadata from the packet and informs QMF for the enqueue operation. 

Buffer stores packets until they are transmitted to the next node through the link. 

Link, and the link layer functions, are responsible for the reliable transmission to the next downstream 

node. 

Clock is used as an anchor for the compensation of time values from different input nodes, such that 

the clock differences with upstream nodes and propagation delays of the links to the current node do 

not prevent from fair queuing operation as intended. 

8 Operational procedures  

8.1 General description 

This clause defines the operational procedures for the stateless fair queuing in relay nodes, including 

entrance node and core nodes with creation and update of FT values of packets Before going into the 

detailed description, it is summarized the symbols used in this Recommendation in Table I. 

 
TABLE I 

Mathematical Symbols used in this Recommendation 

Symbol Quantity 

𝑝 pth packet of the flow under observation. 

ℎ hth node in the path of the flow under observation 

𝐹ℎ(𝑝) ‘Finish time’ of packet p at node h 

𝐴ℎ(𝑝) Arrival time of packet p at node h 

𝐿(𝑝) Length of packet p 
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𝐿 
Maximum observed length of the packets from the flow 

under observation 

𝐿ℎ 
Maximum observed length of the packets at node h, over all 

the flows 

𝑟 Service rate of the flow under observation 

𝑅ℎ Link capacity of node h 

𝑑ℎ(𝑝) 
Finish time increment parameter of packet p at node h. 

Called “delay factor”. 

𝛥ℎ(𝑝) 
Time difference between the nodes h-1 and h, at the arrival 

of packet p at node h 

𝑈ℎ, 𝑊ℎ  Latency upper bound, lower bound of all the flows in node h 

8.2 Metadata creation  

The metadata, FT, L, and r, of a packet are created at the entrance node of the packet, or equivalently 

of the flow to which the packet belongs. An entrance node is defined to be the first relay node, for a 

flow, in the network within which the stateless fair queuing is executed. By definition an entrance 

node can receive packets of the flow from a source or an upstream node, or generate the packets. The 

requirements for metadata creation are specified in Clause 7.1 of [ITU-T Y.3129]. The framework 

for metadata creation is specified in Clause 8.4 of [ITU-T Y.3129]. 

The operational procedure for metadata generation is depicted in Figure 3. 

Entrance node in this Recommendation is denoted as 0. ① MMF of an entrance node, or equivalently 

node 0, maintains flow state, e.g. FT of packet (p-1) at node 0 (F0(p-1)), the maximum packet length 

of the flow (L), and the service rate allocated to the flow (r). ② The maximum packet length, L, 
and the service rate, 𝑟 , information are obtained from ACF upon admission of the flow and 

maintained by MMF of the entrance node. 

In order to calculate 𝐹0(𝑝), ③ MMF acquires the time of packet p’s arrival to the node, 𝐴0(𝑝), from 

CMF. Note that an arrival of a packet is either the arrival to the output port where MMF resides, or 

Figure 3 – Operational procedure for metadata creation 



- 9 - 

SG13-TD169/WP4  

the generation of a packet by the entrance node, in the case when the entrance node is the source of 

the flow. ④ The packet length of the packet, 𝐿(𝑝), information is assumed to be included in the 

packet header.  

⑤ MMF of node 0 creates FT and writes it into a packet as metadata, in accordance with the 

following equation. 

𝐹0(𝑝) = max{𝐹0(𝑝 − 1), 𝐴0(𝑝)} +
𝐿(𝑝)

𝑟
,                                         (1) 

where 𝐹0(𝑝) is the FT of packet p at the entrance node. 𝐹0(𝑝), L, and 𝑟 are recorded in the packet as 

metadata. 

8.3 Metadata update  

Among the metadata, the FT of a packet is updated at every node, including the entrance node and 

the core nodes of the packet, or equivalently of the flow to which the packet belongs. A core node is 

defined to be the relay node excluding an entrance node, for a flow, in the network within which the 

stateless fair queuing is executed. By definition a core node receives packets of the flow from an 

upstream node. The requirements for FT update are specified in Clause 7.1 of [ITU-T Y.3129]. The 

framework for FT update is specified in Clause 8.5 of [ITU-T Y.3129]. 

FT is updated in a node h as in the following equation. 

𝐹ℎ+1(𝑝) = 𝐹ℎ(𝑝) + 𝑑ℎ(𝑝) + 𝛥ℎ+1(𝑝).                                                     (2) 

𝑑ℎ(𝑝) is the delay factor of packet p at node h, and 𝛥ℎ(𝑝) is the time difference between the nodes 

h-1 and h, at the arrival of packet p and node h. , h-1 denotes the upstream node of the flow under 

observation travelled just before node h. 

𝑑ℎ(𝑝) can be a simple value only dependent on the node, i.e. 𝑑ℎ(𝑝) = 𝑑ℎ. In this case, 𝑑ℎ may be 

acknowledged by exchanging information through out-of-band communication between nodes. A 

simple choice of 𝑑ℎ = 𝑈ℎ  or 𝑑ℎ = 𝑊ℎ can also meet the requirements specified in Clause 7 of [ITU-

T Y.3129], where 𝑈ℎ and 𝑊ℎ are the latency upper bound and lower bound of all the flows at node h, 

respectively. 

𝑑ℎ(𝑝) can also be decided by the following equation. 

𝑑ℎ(𝑝) =
𝐿ℎ

𝑅ℎ
+ 𝐿/𝑟,                                                               (3) 
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for any h ≥ 0. 𝐿ℎ is the maximum packet length over all the flows that pass the link, and 𝑅ℎ is the 

capacity of the link. The operational procedure for metadata updates, when (3) is used, is depicted in 

Figure 4. 

In this case, L and r information are required to be written in the packet as metadata. ① The packet 

metadata, L, r, and 𝐹ℎ(𝑝), should be retrieved from the packet. 𝐿ℎ and 𝑅ℎ are maintained by MMF of 

the node. Maintaining 𝑅ℎ is trivial, but that of 𝐿ℎ is not. ② It is required for MMF to be informed of 

𝐿ℎ from ACF. Note that ACF maintains the flow’s traffic specification (TSpec), which includes the 

maximum packet length value. 

Moreover, the time difference 𝛥ℎ(𝑝) has to be reflected in (2). 𝛥ℎ(𝑝) is decided by the following 

equation. 

𝛥ℎ(𝑝) = 𝐴ℎ(𝑝) − 𝐶ℎ−1(𝑝),                                                               (4) 

where 𝐶ℎ(𝑝) is the departure time, or equivalently the service completion time, of packet p from node 

h. Note that both 𝐴ℎ(𝑝) and 𝐶ℎ(𝑝) are measured by the clock in node h. By convention, a packet is 

considered departed or arrived, when its last bit is departed or arrived. 

The 𝐶ℎ information is obtained on demand, by TCF. Note that how TCF obtains this information is 

out of the scope of this Recommendation.  ③ The 𝛥ℎ information is obtained for every input/output 

port pair, and applied to a packet in accordance with its input/output ports. ④ 𝑑ℎ(𝑝) is calculated by 

(3). ⑤ 𝐹ℎ+1(𝑝) is calculated by (2) and written in the packet, replacing 𝐹ℎ(𝑝). 

Figure 4 – Operational procedure for metadata update 
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8.4 Queue management and packet transmission 

The operations for the queue management and the packet transmission are depicted in Figure 5. 

① A packet is transferred from the switching module of a node to the buffer in an output port. ② 

MMF is notified of the arrival of the packet. ③ MMF retrieves the metadata; 𝐹ℎ(𝑝), L, and r. Note 

that 𝐹ℎ(𝑝), the current node’s finish time, is calculated in the previous node h-1. ④ After the 

metadata update procedure specified in Clause 8.3, MMF notifies QMF the value of 𝐹ℎ(𝑝). ⑤ Based 

on this FT value, which will determine the service order of the packet, ⑥ QMF enqueues the packet 

in the queue. ⑦ When appropriate, the packet is dequeued and transmitted through the link.  

The enqueue and dequeue operations follow the service policy of the network. It can be used either 

FIFO queues or one of the priority queueing schemes, e.g. PIFO queue. While using PIFO can exactly 

implement the intended operation of stateless fair queuing specified in Y.3129, approximating PIFO 

with FIFO queues can also provide a similar performance [b-Joung]. 

As it can be figured out in (3), the service rate (r) and the maximum packet size (L) of a flow are 

important pieces of information for determining the FT values in core nodes. A FIFO queue is 

assigned to the set of flows of a similar or same type. Compared to implementing a separate queue 

for each flow, using a queue for each flow type requires fewer queues, which can be predicted based 

on the environment, making implementation easier. 

Figure 5 – Operational procedures for queue management and packet transmission 
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Moreover, the parameters r and L are already present in the packet metadata. Therefore, by examining 

the packet metadata, the flow type that a packet belongs to can be identified. Further, the FT values 

of HoQ packets of FIFO queues are compared, and the packet having the smallest FT is selected for 

the transmission. A typical implementation practice of FQ in core nodes with FIFO is depicted in 

Figure 6. 

When PIFO is used, a single PIFO can arrange packets in the ascending order of their FT values. The 

packet at the HoQ, with the least FT value, is selected for the transmission. 

9 Considerations for the notation of time  

The metadata FT is denoted as time. The time can be of a range only up to 1 second and it wraps 

around. It is so because the required E2E latency bounds of flows are not more than tens of 

milliseconds.  

For the precision of a time, is the number of bits should be 32 or more. 

If 32 bits are used as a time, then to cover 1 sec, the precision should be around 2-32 sec/bit which is 

around 10-9/4 sec/bit. For 1Gbps links, its margin is 4, i.e. it can be considered to have enough 

precision to distinguish bit levels. For 10G links, it can be provided a byte level precision, with 32 

bits. 

However, if the aim is to support 1 Tbps links, it needs more than 32 bits. 100 is around 27, so it needs 

8 more bits to support 1 Tbps links. In this case the precision can be maintained as desired. 

10 Considerations for IMT-2020 networks 

The 5G QoS model is based on “QoS flows” (clause 5.7.1.1 of [b-ETSI TS 123 501]). The QoS flow 

is the finest granularity traffic entity for QoS management in the IMT-2020 core network. A QoS 

flow can either guarantee the bit rate or not, i.e., guaranteed bit rate (GBR) QoS flow or non-GBR 

Figure 6 – A typical implementation practice of stateless FQ in core nodes with FIFO 
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(NGBR) QoS flow. The flow defined in this Recommendation matches the GBR QoS flow in IMT-

2020 networks. For GBR QoS flows, network resources are permanently allocated with QoS flow-

level guaranteed flow bit rate (GFBR) values. 

IMT-2020 network consists of user equipment (UE), access network (AN), core network (CN), and 

data network (DN) [b-ITU-T Y.3102]. IMT-2020 network emphasizes three features: control and user 

plane separation (distributed softwarization), AN and CN independence, and network slicing. CN has 

multiple user plane functions, as data plane components, physically separated and distributed, with 

other control plane functions virtually distributed with the network slicing.  

This Recommendation distinguishes the roles of entrance node and core node. An entrance node is 

the first node that a flow enters into a network domain that provides a latency bound. A core node is 

the subsequent node of the flow over its path in the network domain. A network domain can be any 

set of consecutive nodes within a whole network. Note that a core node is not necessarily a node in 

CN of IMT-2020 networks. Therefore, there is no restriction on the exact locations of an entrance 

node and core nodes. However, as an example, the entrance node can be mapped to a node in AN, 

while the core nodes can be mapped to the nodes in CN and DN. As another example, the entrance 

node can be the edge node placed at the boundary of a CN or a DN. In this case the core nodes can 

be the nodes that are located within the core of the CN or the DN. 

Figure 7 suggests an example that shows such locations. In this example, the UE directly interfaces 

with an entrance node in AN. All the subsequent nodes until the destination, which resides in an 

external DN, can be considered as core nodes. This network architecture ensures an E2E latency 

bound from source to destination. Note that there are many possible locations for an entrance node 

and core nodes, other than suggested by this example. 

11 Security considerations 

The QoS management of IMT-2020 network includes user equipment, access networks, and core 

networks that are subject to security and privacy measures. Sensitive information should be protected 

as a high priority in order to avoid leaking and unauthorized access. Security and privacy concerns 

should be aligned with the requirements specified in [b-ITU-T Y.2701] and [b-ITU-T Y.3101]. 

   

Figure 7 – An example network architecture of this Recommendation, when applied to IMT-

2020 networks. 
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