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Abstract: Data flow control in routers — which are among the main functional units in 
multiprocessor MPP systems — allocates their buffers and channel bandwidth to data units 
(packets and flits). Efficient implementation of this mechanism is essential for achieving high 
throughput and low latency. In this paper, a variant of input buffer control for receiving data into 
a selected FIFO queue of a router for a Double-loop Hypercube (DLH) interconnect network is 
presented. The analysis is performed at the low (hardware) level over a bidirectional full-duplex 
channel using Virtual Cut-Through flow control. Control state machines, their operating 
algorithms, and control signals are presented. The software component developed on this basis 
implements simulations of queue allocation and release during receiving data. The obtained 
results prove the correctness of the architectural solutions used – a high degree of utilization of 
the input channels, their frequency bandwidth, and throughput is achieved.  

Keywords: Router, Virtual Cut-Through (VCT), input buffer, FIFO queue, Flow Control 
Digit (flit) 

I Introduction 

Routers in multiprocessor systems are of a great importance for their performance, as they 

form the cores of their interconnect networks [1, 5]. The design of a router of this class includes 

determining the flow control technique, the number of virtual channels, buffer organization, 

switches, and pipeline organization [10]. The goal is to minimize the latency of the transferred 

data units (flits and packets) while satisfying the bandwidth requirement. 

The main principles and means used in creating the architectural platform of the router 

under consideration and its input buffers are: 

1). Interconnect network: Static, with DLH topology, decentralized control, and asynchronous 

communication; 

2). Routing: Minimal adaptive routing, allowing a packet to select one of several possible shortest 

paths [6, 7]. The Routing and Arbitration Unit block (shown below in Fig. 1) makes routing and 

arbitration decisions for each arriving packet; 

3). General architecture: The input buffers (Fig. 1) consist of a pool of dedicated FIFO queues 

[2] that are directly connected to the Crossbar switch [5], with arbitration performed at each 

output channel; 
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4). Switching technique: Data transfer at the packet level using VCT switching technique and 

pipeline organization at the flit level for receiving and sending; 

5) Input buffers: Based on a pool of eight FIFO queues (Fig. 2), where each queue is used to store 

only one packet whose length does not exceed the number of its storage elements, each of which 

can hold exactly one flit; 

6). Packet transfer: A packet consists of one header flit (Header), a body of several flits (Body), 

and one tail flit (Tail). The information in the header flit determines its route. It is assumed that 

the packet may have variable length not exceeding 16 flits and that each flit is 32 bits wide; 

7). Packet route: Consists of an ordered sequence of nodes in the network from the sender to the 

receiver. The resources used by a packet during its transfer are FIFO queues, switching elements 

(Crossbar), and link lines. The destination address in the Header flit, the routing algorithm, and 

the network state relative to the current node on the route determine the further path of the packet 

to the next node. After a packet’s Header flit is received into a queue, the router determines the 

output channel based on the state of the resources (occupied buffers and output channel status) 

using the minimal adaptive routing algorithm. Allocation of input queues to output channels is 

performed using the iSLIP algorithm with Round-Robin arbiters (RRA) at the outputs [3]; 
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Fig. 1.  Pipeline organization in a router for flit transfer 

 

8). Pipelining: The three separate stages of data transfer at the physical level, shown in Fig. 1, 

are: Writing a flit into a free and selected queue of the input buffer (Flit Write); Routing, 

arbitration, and path setting through the switch (Routing, Arbitration and Path Setting); Switch 

Traversal [3, 4, 5]. 

II Architecture of the input buffer of the router 

The input buffers of the router are critical for achieving low latency and high throughput 

during packet transfer [8, 9]. Fig. 2 shows the architecture of the input buffer. It implements the 
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VCT switching technique, enabling transfer on packet-level. The input buffer consists of a 

demultiplexer DEMUX, eight FIFO queues, a PRIORITY ENCODER, a B_FIFO_STATUS 

register for queue status, a DC decoder for FIFO queue selection, and control logic. The necessary 

control signals are defined and described in the program section below. The following principles 

and solutions are used in this architecture: 
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Fig. 2.  Architecture of the input buffer of a router and its control signals 
 

1). The basis of the input buffer is the pool of FIFO queues, whose structure is shown below in 

Fig. 3. Each queue has its own separate local arbiter ARB[k], k∈[1..8] (Fig. 2), which generates 

requests (not shown here) upon receiving a Header flit in it towards the arbiters of possible output 

channels; 

2). The flow control signals refer to packets, not to flits; 

3). Each queue can be in one of two states: occupied or free, symbolically shown in Fig. 2 by the 

flag B (Busy). The state of an input channel is encoded with signals as follows: A). Busy 

(CHAN_BUSY=1) – all queues are occupied; B). Heavily loaded (CHAN_BUSY=0, 

CHAN_LOAD=1) – only one queue is free; C). Lightly loaded (CHAN_BUSY=0, 

CHAN_LOAD=0) – two or more queues are free. This state is forwarded upstream to the 

previous router; 

4). The states of the queues in a buffer before each packet reception are stored in the 

B_FIFO_STATUS register via the WR_B_RG signal. The priority encoder always selects the first 

free queue. It can accept any packet arriving on the link, regardless of which output channel it is 

destined for. After the start of packet reception, the selected queue transitions to the occupied 

state (B=1); 
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5). Each of the router’s output channels uses its own RRA (not shown here), ensuring fairness in 

servicing the input FIFO queues. Thus, conflicts and racing occur only for the output channels; 

6). The FIFO queues of all input channels are directly connected to the switch (Fig. 1), which 

allows more than one packet to be sent from one input buffer to the output channels in a given 

time interval; 

7). After a selected FIFO queue receives the HEADER flit of an arriving packet, it generates the 

PACK_REQ signal (shown in Fig. 3) to the local arbiter, which starts the routing and arbitration 

phase for the packet. 

III Structure of a FIFO queue in the input buffer 
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Fig. 3. Structure of a FIFO queue in the input buffer and its finite state machine 

 
Fig. 3 shows the structure of one of the FIFO queues, which consists of the following 

main components: a demultiplexer DEMUX, (L+2) storage elements for flits, L∈[0..14], a write 

counter CNT_WR together with a decoder DC for selecting the next empty storage element in 

the queue, a read counter CNT_RD, a comparator CMP, a multiplexer MUX, logic, and control. 

The width of the storage elements is 34 bits (see Fig. 2 and Fig. 3). The width of one flit is 32 

bits, with the remaining two bits encoding the flit type: HEADER, BODY, or TAIL. The control 

signals shown in Fig. 3 are described in the program section below. 

The start of packet receiving is triggered when a free and selected queue is available and 

both sides are ready, negotiated via the signals VALID_DATA, PACK_WAIT, and CHAN_BUSY 

(Fig. 2 and 3). Immediately after receiving the header flit, the PACK_REQ signal is generated, which 

starts the routing and arbitration phase for the packet (the router’s allocator / Routing and Arbitration 

Unit is not described here). The FIFO queue allows simultaneous write and read of flits. Writing is 
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performed via the EXT_CLK signal using the CNT_WR counter and DC decoder, while reading is 

performed using the CNT_RD counter via the FLT_RD signal. Queue release is registered by the 

CNT_EQU signal after reading the last flit. 

IV Control of the input buffer 

Fig. 4 shows the state graph of the finite state machine of one input buffer, which is shown 

above in Fig. 2. Below are the states and the signals (defined and described in the program section 

below) asserted in each of them: 
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Fig. 4. State diagram of the finite state machine controlling one input buffer 

 
S0: Initial state (Init). The signals CHAN_BUSY and BUFF_INIT are generated; 

S1: (Save_Queue_Status). The current state of each queue (free/occupied) of the respective input 

buffer is written into the B_FIFO_STATUS register. The signals WR_B_RG and CHAN_BUSY 

are generated; 

S2: (Wait_Packet). The start of writing a packet into the selected queue is awaited. This event is 

registered by the WR_IN_FIFO signal. The DEMUX_RDY signal is generated; 

S3: (Write_Packet). A packet is written into the selected queue of the input buffer and the end of 

writing this packet is awaited. The DEMUX_RDY signal is generated. 

V Management of a queue in the input buffer 

Fig. 5 shows the state graph of the finite state machine of one queue in the input buffer, 

shown above in Fig. 3. Below are the states and the signals (defined and described in the program 

section below) generated in each of them: 

S0: Initial state (Init). The signals FIFO_BUSY and CLR_FIFO are generated; 

S1: Inactive state (Idle). The queue is not connected to the channel input; 

S2: Ready state (Ready). The queue is selected, connected to the channel input, and awaits writing 

of a header flit from a packet. The signals FIFO_BUSY, WR_FIFO_EN, and PACK_WAIT are 

generated; 
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Fig. 5. State graph of the finite state machine controlling one FIFO queue in the input buffer 

 

S3: Active state (Write_Packet), during which a packet is written. The signals FIFO_BUSY, 

WR_FIFO_EN, WR_IN_FIFO are generated, as well as the routing and arbitration request 

PACK_REQ, synchronized with the beginning of an allocation time interval; 

S4: Active state (Wr&Rd_Packet), during which a packet is written and its reading may start and 

continue. The signals FIFO_BUSY, WR_FIFO_EN, WR_IN_FIFO are generated, and a timeout 

timer is enabled via the TM_ONE_EN signal; 

S5: Active state (Read_Packet), during which a packet is read. The signals FIFO_BUSY and 

DATA_ACK (acknowledgment to the previous router of successful packet reception) are 

generated; 

S6: Active state (End_Packet), in which the end of reading the packet stored in the queue is 

awaited; this is registered by the CNT_EQU signal. The signals FIFO_BUSY and TM_ONE_EN 

are generated; the latter enables a timeout timer for exit from the state in case the packet remains 

unserved for some reason. 

 VI Program section for the management of one FIFO queue in the input buffer 

In the program fragment presented below, the algorithm of the finite state machine for 

controlling one FIFO queue is developed, written in Verilog (a hardware description language 

used for the design, simulation, and verification of electronic circuits). 

// Design Name:             HPC_Router  
// Module Name: Router_FIFO_Queue_FSM 
// Project Name: Router_ FIFO_Queue 
// Tool Versions: Xilinx PlanAhead 14.6   
//  
// **   DECLARATIONS, INITIALIZATION, CORE LOGIC                                              
// **---------------------------------------------------------------------------------------------------** 
// 
`timescale 1ns/1ps                  // Modeling Time, Step of Modeling  
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// 
// Constants 
// **---------------------------------------------------------------------------------------------------** 
`define  DLY   0.5  // Signals Delay on the Device 
`define  TMR_1_bits  4  // Width of timeout Timer_1 
`define  TMR_2_bits  6  // Width of timeout Timer_2 
`define  Timer_1_Start_Value 4'b 1111 // Current Load Value of Timer_1  
`define  Timer_2_Start_Value 6'b 11_1111 // Current Load Value of Timer_2  
// 
// Main Program 
// **---------------------------------------------------------------------------------------------------** 
module Router_FIFO_Queue_FSM ( 
    input  RST,   // Asynchronous RESET with active HIGH Level, from HOST  
    input  INT_CLK,  // FSM Clock, from Local Node 
    input  INIT,   // Initialization by DMA with active HIGH Level  
    input  SYNC,   // Synchronization, Tsync = 2 x Tint_clk  
    input  DEMUX_RDY, // Enable Input Channel's DEMUX, from this Buffer's FSM  
    input  VALID_DATA, // Enable Data on Physical Bus between Nodes, from other Router 
    input  FIFO_SELECT, // Select the Current Queue by Decoder 
    input  HEAD_FLIT,  // Current Flit is HEAD 
    input  TAIL_FLIT,  // Current Flit is TAIL 
    input  LOCK_REQ,  // Release the Queue from Current Packet 
    input  CNT_EQU,  // The Queue is Empty after Read 
    input  PORT_DIS,  // Disable the Input Buffer during the Initialization Process 
    input  TIME_ONE,                 // TimeOut_1, from Counter_1 into FSM 
    input  TIME_TWO,                 // TimeOut_2, from Counter_2 into FSM 
// 
    output FIFO_BUSY,  // This Queue in the Moment is BUSY, from FSM 
    output WR_IN_FIFO, // Write Packet into Queue at this Moment, from FSM 
    output PACK_REQ,  // Request to Queue's Arbiter for Packet, from FSM 
    output CLR_FIFO,  // Clear all Elements into Queue, from FSM 
    output PACK_WAIT, // The Queue is Ready to Receive Packet, from FSM 
    output WR_FIFO_EN, // Enable Write Packet via EXT_CLK into Queue, from FSM 
    output DATA_ACK,  // All Packet is written into Queue, from FSM 
    output TM_ONE_EN, // Enable Counter_1 -> Timer_1, from FSM 
    output TM_TWO_EN, // Enable Counter_2 -> Timer_2, from FSM 
    output Timer_1,  // State of Timer_1 
    output Timer_2 );  // State of Timer_2 
// 
// **   DECLARATIONS                                                                                    ** 
// *************************************************************************** 
    wire                 RST; 
    wire                 INT_CLK; 
    wire                 SYNC; 
    wire                 INIT; 
    wire                 DEMUX_RDY;  
    wire                 VALID_DATA;  
    wire                 FIFO_SELECT;  
    wire                 HEAD_FLIT; 
    wire                 TAIL_FLIT; 
    wire                 LOCK_REQ; 
    wire                 CNT_EQU; 
    wire                 PORT_DIS; 
    wire                 TIME_ONE; 
    wire                 TIME_TWO; 
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// 
    wire                 FIFO_BUSY;  
    wire                 WR_IN_FIFO; 
    wire                 PACK_REQ;  
    wire                 CLR_FIFO;  
    wire                 PACK_WAIT;  
    wire                 WR_FIFO_EN;  
    wire                 DATA_ACK;  
    wire                 TM_ONE_EN;  
    wire                 TM_TWO_EN;         */ 
//      

reg[8:0]   FSM_FIFO_Queue_State; 
//  
// FSM_FIFO_Queue_State have 7 States 
// --------------------------------------------------------------------------------------------------- 

parameter[8:0]  
INIT_State   = 9'b 1_0010_0000,           // State S0 
IDLE_State   = 9'b 0_0000_0000,           // State S1 
READY_State   = 9'b 1_0001_1000,           // State S2 
WRITE_PACKET_State = 9'b 1_1100_1000,           // State S3 
WR_RD_PACKET_State = 9'b 1_1000_1010,           // State S4 
READ_PACKET_State  = 9'b 1_0000_0100,           // State S5 
END_PACKET_State  = 9'b 1_0000_0001;           // State S6 
//  
// **   FSM Outputs 
// **---------------------------------------------------------------------------------------------------** 
assign FIFO_BUSY  = FSM_FIFO_Queue_State [8];  
assign WR_IN_FIFO  = FSM_FIFO_Queue_State [7];  
assign PACK_REQ = FSM_FIFO_Queue_State [6];  
assign CLR_FIFO = FSM_FIFO_Queue_State [5];  
assign PACK_WAIT = FSM_FIFO_Queue_State [4];  
assign WR_FIFO_EN = FSM_FIFO_Queue_State [3];  
assign DATA_ACK = FSM_FIFO_Queue_State [2];  
assign TM_ONE_EN = FSM_FIFO_Queue_State [1];  
assign TM_TWO_EN = FSM_FIFO_Queue_State [0];  
// 

reg[`TMR_1_bits-1:0]    Timer_1;         // TimeOut Timer_1  
reg[`TMR_2_bits-1:0]    Timer_2;         // TimeOut Timer_1       

//      All Conditions in one Body 
//----------------------------------------------------- 
always @(posedge INT_CLK or posedge RST) begin 

if(RST) begin     // First is the RESET 
    FSM_FIFO_Queue_State <= #`DLY INIT_State; 

   Timer_1 <= #`DLY `Timer_1_Start_Value; 
   Timer_2 <= #`DLY `Timer_2_Start_Value; 
end 
else begin 

//         
//       Change the State of FSM, if they are Conditions 
//----------------------------------------------------- 

case(FSM_FIFO_Queue_State) 
       INIT_State: begin                                       // S0 

           if(~INIT & ~PORT_DIS) begin 
FSM_FIFO_Queue_State <= #`DLY IDLE_State; 

  Timer_1 <= #`DLY `Timer_1_Start_Value; 



 
 

 

237 
 

  Timer_2 <= #`DLY `Timer_2_Start_Value; 
           end 
        end 
// 
        IDLE_State: begin                                       // S1 
           if(PORT_DIS | INIT) begin 

FSM_FIFO_Queue_State <= #`DLY INIT_State; 
           end 
           else begin 
  if(~INIT & ~PORT_DIS & FIFO_SELECT & DEMUX_RDY) begin 
     begin 

      FSM_FIFO_Queue_State <= #`DLY READY_State; 
     end 
  end 
        end 
// 
        READY_State: begin                                                // S2 
           if(PORT_DIS | INIT) begin 
  FSM_FIFO_Queue_State <= #`DLY INIT_State; 
          end 
          else begin 
  if(~INIT & ~PORT_DIS & SYNC & VALID_DATA & HEAD_FLIT) begin 
     FSM_FIFO_Queue_State <= #`DLY WRITE_PACKET_State; 
  end 
          end 
        end 
// 
        WRITE_PACKET_State: begin                               // S3 
            FSM_FIFO_Queue_State <= #`DLY WR_RD_PACKET_State; 
        end 
// 
        WR_RD_PACKET_State: begin                             // S4 
           if(LOCK_REQ | (Timer_1 == 0)) begin 
  FSM_FIFO_Queue_State <= #`DLY INIT_State; 
           end 
           else begin 
  if(TAIL_FLIT & ~VALID_DATA & ~LOCK_REQ) begin 
     FSM_FIFO_Queue_State <= #`DLY READ_PACKET_State; 
  end 
  else begin  
     Timer_1 <= #`DLY Timer_1 - 1; 
  end 
           end 
        end 
// 

       READ_PACKET_State: begin                                 // S5 
          FSM_FIFO_Queue_State <= #`DLY END_PACKET_State; 
       end 

// 
        END_PACKET_State: begin                                   // S6 
           if(CNT_EQU | (Timer_2 == 0)) begin 

FSM_FIFO_Queue_State <= #`DLY INIT_State; 
          end 

           else begin 
  if(TM_TWO_EN) begin 
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     Timer_2 <= #`DLY Timer_2 - 1; 
  end 
          end 
     end 
 endcase 
         end 
endmodule 

 
VII Experimental results 

The experimental results of the study were obtained through simulations using the 

PlanAhead software product from Xilinx. The simulations investigate and visualize, via timing 

diagrams, the operation of one FIFO queue under the control of its finite state machine with a 

clock period of INT_CLK=5.00ns and DLY=0.50ns. These values are used for the visualization 

of signals on the timing diagrams and for explanations of the queue operation at specific moments 

in time.  

The state machine is asynchronously set to the initial state via RST. All other transitions 

occur on the rising edge of INT_CLK upon the corresponding valid combinations of input control 

signals. The input signals to the state machine (except RST, INT_CLK, and SYNC) are grouped 

into the Out_Vector for greater clarity. They are defined in the program using the input directive, 

while the output signals of the state machine are defined using output. The output signals are: 

FIFO_BUSY, WR_IN_FIFO, PACK_REQ, CLR_FIFO, PACK_WAIT, WR_FIFO_EN, 

DATA_ACK, TM_ONE_EN, and TM_TWO_EN. The states of Timer_1 and Timer_2 for 

timeout exit are shown on the timing diagrams below the output signals. One input vector includes 

INIT, DEMUX_RDY, VALID_DATA, FIFO_SELECT, HEAD_FLIT, TAIL_FLIT, 

LOCK_REQ, CNT_EQU, PORT_DIS, and RST. The combinations within each vector and the 

sequence of vectors examine the behavior of the state machine: states, generated output signals, 

and transitions from one state to another depending on the input signals. The behavior of the 

queue was analyzed with respect to the process of starting and ending packet write. 

Fig. 6 visualizes the start of writing a packet into a selected FIFO queue of the input 

buffer. After 40 ns the state machine is in the Ready state. At 47 ns HEAD_FLIT is activated 

(presence of a header flit), as a result of which at 50 ns the state machine transitions to the 

Write_Packet state, and at 55 ns it unconditionally transitions to Wr&Rd_Packet. Timer_1 is 

started for a transition to the Init state via TimeOut. At 60 ns the first change in the state of 

Timer_1 can be seen. In this case, the time from strobing HEAD_FLIT (50 ns) to the start of 

writing into the queue (60 ns) is two clock cycles. 
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Fig. 6. Start of writing a packet into a queue of the input buffer 

 

 
Fig. 7. End of writing a packet into a queue of the input buffer 

Fig. 7 visualizes the end of writing a packet into a selected FIFO queue of the input buffer. 

The end of writing occurs at 82 ns, when TAIL_FLIT indicates the presence of a received tail flit. 

At 85 ns the state machine transitions to the Read_Packet state, Timer_1 stops counting, and at 

90 ns it unconditionally transitions to the End_Packet state, in which reading of the packet from 

the queue or timeout exit via Timer_2 is awaited. In this case, at 92 ns the condition 

(CNT_EQU=1) indicates the end of reading from this queue; at 95 ns the state machine transitions 

to the Init state, and at 100 ns it transitions to Idle, where the queue waits to be selected by the 

input buffer for writing another packet. In this case, the time for releasing the queue from 85 ns 

to the Init state at 95 ns is 2 clock cycles. 

Fig. 8 visualizes the start of writing a packet into a FIFO queue of the input buffer under 

conditions different from those shown in Fig. 6 (INIT and VALID_DATA are established at 
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different times). Here, until 127 ns the queue is in the Idle state. Activation of DEMUX_RDY 

and FIFO_SELECT by the state machine of its input buffer selects this queue at 130 ns, when it 

transitions to the Ready state. Immediately afterward, at 132 ns HEAD_FLIT is activated, 

indicating the presence of a header flit, but at 135 ns PACK_REQ is not generated because 

synchronization with the SYNC signal is required; 5 ns are waited. At 140 ns the state machine 

transitions to the Write_Packet state and generates (PACK_REQ=1); at 145 ns it unconditionally 

transitions to Wr&Rd_Packet, deasserts PACK_REQ, and starts Timer_1 for a transition to the 

Init state via timeout. At 150 ns the first change in the state of Timer_1 can be seen. In this case, 

the time from strobing HEAD_FLIT (135 ns) to the start of writing into the queue (150 ns) is 

three clock cycles due to the later delayed synchronization. 
 

 
Fig. 8. Second variant for the start of writing a packet into an input FIFO queue 

 
 

 
Fig. 9. Second variant for the end of writing a packet into a queue of the input buffer 
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Fig. 9 shows a second variant for the end of writing a packet into a selected FIFO queue. 

TAIL_FLIT is activated at 182 ns, indicating the presence of a received tail flit. At 185 ns the 

state machine transitions to the Read_Packet state, Timer_1 stops counting, and at 190 ns it 

unconditionally transitions to the End_Packet state, in which reading of the packet from the queue 

(verified by the CNT_EQU=1 signal) or timeout exit via Timer_2 is awaited. In this case, at 192 

ns the CNT_EQU signal indicates the end of reading from this queue, and at 195 ns the state 

machine transitions to the Init state, where conditions for transition to Idle are awaited. In this 

case, the time for releasing the queue from 185 ns to the Init state at 195 ns is 2 clock cycles, but 

the transition to Idle is not determined. 

VIII Conclusion 

In this paper, one of the main elements of a router for a DLH network with VCT flow 

control is presented – the input buffer containing a pool of FIFO queues controlled by their finite 

state machines. The experimental results from the studies conducted through simulations prove 

the correct operation of this functional unit in accordance with the set goal – minimum latency 

during packet transfer. The timing diagrams show optimal management – fast allocation and 

release of the selected queue for operation. The measurements visualized by the timing diagrams 

were performed on the basis of the number of clock cycles for control (allocation and release) of 

the FIFO queues at the beginning and end of packet writing. The obtained results of 2 or 3 clock 

cycles for starting to write into a queue (depending on the specific case) and 2 clock cycles for 

releasing a queue on the internal clock signal INT_CLK prove the high speed of switching 

between the queues of the input buffer and minimum latency during packet reception. This, in 

turn, determines the high throughput and frequency bandwidth of the input channels in the router.  
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