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Abstract: This paper describes a circular first in first out (FIFO) and its protocols which have a very low la-

tency while still maintaining high throughput. Unlike the existing serial FIFOs based on asynchronous micro-

pipelines, this FIFO’s cells communicate directly with the input and output ports through a common bus, 

which effectively eliminates the data movement from the input port to the output port, thereby reducing the 

latency and the power consumption. Furthermore, the latency does not increase with the number of FIFO 

stages. Single-track asynchronous protocols are used to simplify the FIFO controller design, with only three 

C-gates needed in each cell controller, which substantially reduces the area. Simulations with the TSMC 0.25 

m CMOS logic process show that the latency of the 4-stage FIFO is less than 581 ps and the throughput is 

higher than 2.2 GHz. 
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Introduction 

As systems on a chip (SOC) become larger and faster, 
it is becoming increasingly difficult to distribute a sin-
gle synchronous clock to the entire chip[1,2]. Any 
communication crossing two asynchronous clock do-
mains requires careful synchronization; and the first in 
first out (FIFO) working in asynchronous clock do-
mains is well competent for the job[3]. However most 
existing FIFOs have high throughput at the cost of high 
forward and reverse latency. The delay from the input 
to the output in an empty FIFO is defined as the for-
ward latency and the delay from the output to the input 
in a full FIFO is defined as the reverse latency. The 
existing FIFOs working in asynchronous clock do-
mains can be designed with synchronous circuits and 

with asynchronous circuits. 
In FIFOs using synchronous circuits, the computa-

tion of the empty-flag requires three steps. The first 
step is generally to transfer the address of the input to 
Gray-codes which is then latched by the clock of the 
input before being sent to the output. In the second step, 
the Gray-code address is latched at the output port 
through the synchronizer to ensure that the probability 
of a metastable state occurring is extremely small. In 
the third step, the input and the output addresses are 
compared to generate the empty-flag after the 
Gray-code input address is transferred back to binary 
code. Thus, the delay from the input to the output can 
be expressed by Td = Tclk1+Tclk2+TG2B+Trr, where Tclk1 
is the input clock cycle, Tclk2 is output clock cycle, 
TG2B is the delay for transferring the Gray-code to the 
binary code, and Trr is the delay between the positive 
edges of the input and the output clocks. Therefore, the 
forward latency of this type of FIFO will be longer 
than Td and the delay for transferring the Gray-code to 
the binary code will also affect the read cycles.  

The other way to implement FIFO working in asyn-
chronous clock domains is to use asynchronous circuits. 
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Most existing asynchronous FIFOs use a serial archi-
tecture to trade higher latency for higher through-    
put[4-6]. In the serial architecture, data must be written 
into the input cell and then read from the output cell, 
with the input data passed through all the cells to reach 
the output port, so the latency increases linearly with 
the number of FIFO stages. However, practical    
applications such as global asynchronous local syn-
chronous (GALS) systems want a low latency for data      
items[7-11]. 

This paper describes a FIFO with a circular archi-
tecture and its associated protocols to provide high 
throughput with low latency. In this architecture, each 
cell is connected to the input and output ports directly 
by a common bus. Once a data item is written into the 
FIFO, only one relevant cell will respond to the opera-
tion and latch the data. Thus, the input data item is 
immediately available for the output with no need to 
pass through all the intermediate cells. Therefore, this 
circular architecture gives a low latency that is almost 
independent of the number of FIFO stages.  

1 Architecture and Protocol  

In an asynchronous FIFO, the first data into the input 
port will be the first out of the output, with the data 
timing then related to the data output time. A key dif-
ficulty in the design is to avoid metastable states.  

1.1 Architecture  

The FIFO circular architecture is shown in Fig. 1, 
where each FIFO cell is composed of a controller and   
a storage unit. The controller performs handshaking 
with the input/output interfaces and generates the 

 

Fig. 1  Proposed circular asynchronous FIFO 

corresponding wr and rd signals. Each storage unit 
stores or outputs data when the wr or the rd signal is 
active. When an input event occurs, only one cell, 
pointed to by the write pointer, will respond to the 
event, and the wr signal of that cell will be active so 
that the data is stored in that cell. The read process is 
similar.  

1.2 Write and read operation protocols  

A cell’s state is 1 if it has been written to, and a cell’s 
state is 0 if it has been read. Assume that at the begin-
ning, the FIFO is empty and all cell states are 0. The 
write and read protocols are described as follows:  

Protocol 1  When a cell’s state is 1 and its left 
cell’s state is 0, the read pointer points to this cell;  

Protocol 2  When a cell’s state is 0 and its left 
cell’s state is 1, the write pointer points to this cell;  

Protocol 3  When read operation occurs, the cell 
pointed to by the read pointer will be read, and the 
cell’s state will be set to 0;  

Protocol 4  When write operation occurs, the cell 
pointed to by the write pointer will be written, and the 
cell’s state will be set to 1. 

Figure 2 gives an example of write and read opera-
tions, with the cell at the top position of the circle be-
ing defined as cell0, and other cells referred to as cell1 
to cell7 in the clockwise direction. At the initial state, 
cell7 satisfies the condition of protocol 1 and cell3 sat-
isfies the condition of protocol 2, as shown in Fig. 2a, 
so the read pointer points to cell7 and the write pointer 
points to cell3. After a write operation, the data is 
written into cell3 and the state of cell3 becomes 1. At 
this time, cell4 satisfies the condition of protocol 2, so 
the write pointer points to cell4 as shown in Fig. 2b. 
Similarly, after a read operation, the data is read from 
cell7 and the state of cell7 becomes 0, and the FIFO’s 
states are shown in Fig. 2c.  

One problem with these protocols is that when the  

 
Fig. 2  An example of write and read operations 
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FIFO is empty or full, no cells satisfy the condition of 
protocol 1 or protocol 2. This problem, however, can 
be solved if information of the write and read pointers 
is saved before the FIFO becomes full or empty, as 
part of the cell’s protocols. 

1.3  Cell’s asynchronous handshake protocol  

All the signals in the circular FIFO are shown in Fig. 1, 
where R is the state of the current cell and L is the state 
of its left-hand cell. Besides these interface signals, 
two other signals, Pt_wr and Pt_rd, are used to present 
whether the cell is pointed to by the write or read 
pointers. All the signal transitions are shown in Fig. 3. 
Each cell has three handshaking processes, handshak-
ing with both the input and output interfaces, and 
handshaking with the two neighbor cells to exchange 
their state information since state information changes 
of two neighbor cells are asynchronous. A single-track 
asynchronous protocol[12-14] is used to implement the 
first two handshaking processes. Figure 3 presents the 
beginning of a write process when Put has been driven 
to low. At this time, only one cell whose Pt_wr is ac-
tive will respond to the event and drive wr to low to 
store the data. After the storing is completed, the cell 
will drive Put to high to indicate that a new write 
process can be initiated, with wr simultaneously driven 
to high. The read process is similar, with the active 
levels of all signals in the read process inverted with 
respect to the write process to simplify the circuit    
design. 

 
Fig. 3  Signal transition graph of the circular FIFO 

However, it has different scenarios when the entire 
FIFO is empty or full. Assume that only one cell’s 
state is 1 in the whole FIFO, which is referred to as cell 
k. In this case, the Pt_rd of cell k and the Pt_wr of cell 
k+1 are active (the Pt_rd of cell k is high and the Pt_wr 
of cell k+1 is low). When cell k has been read before 

cell k+1 is written, the FIFO will become empty. At 
this time, the Pt_rd of cell k becomes low and there is 
no cell whose Pt_rd is active. Therefore, if a read op-
eration occurs, no cell will respond. Notice that after 
cell k has been read, the L of cell k+1 became low, but 
the Pt_rd of cell k+1 was still active. Thus, if a write 
operation occurs at that time, data will be written into 
cell k+1. When the FIFO is full, if the left cell has 
been written, the read pointer of the current cell will 
remain active until it has been read. Therefore, whether 
the FIFO is empty or full, the FIFO’s write and read 
operations will function correctly.  

2  Circuit Design and Performance 
Analyses  

To simplify the circuit design, the two signals Pt_wr 
and Pt_rd are merged into one signal, Pt, in the signal 
transition graph. In this way, two asymmetric C-gates 
can be replaced with a single symmetric C-gate in the 
circuit design. However, a problem may arise when the 
two signals are merged into one, since after a cell has 
been written, the Pt will not be driven to high immedi-
ately until its left cell has been read. Therefore, to 
avoid the cell being written repeatedly before it is read 
out, the negative transition of wr may take place only 
when Put, Pt, and R signals are all low. The read proc-
ess is similar. The simplest merged signal transition 
graph (STG) is shown in Fig. 4.   

 
Fig. 4  Merged signal transition graph 

2.1  Circuit design 

The necessary condition for wr becoming low is that Pt, 
R, and Put are all low and the necessary condition for 
wr becoming high is that R and Get are both high. An 
asymmetric C-gate cell can be used to implement this 
logic. The detailed circuit implementation of the 
asymmetric C-gate was described by Furber and 
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Day[15]. Similarly, the logic for generating rd signal 
can also use an asymmetric C-gate.  

The circuit in Fig. 5 shows two cell implementation 
of the merged STG. After reset, the FIFO is empty, the 
Pt of cell0 is cleared and the Pts of other cells are all 
set. When the first FIFO’s write operation occurs, cell0 
will be written, so cell0’s symmetric C-gate is con-
nected to Clear and all other cells (e.g., cell1) are con-
nected to Set. Both Put and R are driven to high by the 
signal wr. This can be easily designed such that the 
delay between the positive edge of Put and the positive 
edge of R is less than the delay sum of the C-gate and 
the Inverter. The Put becomes high again before the R 
of cell0 drives the Pt of cell1 to low; therefore, the de-
sign easily guarantees that only one cell will be written 
once a write operation has been issued. The read op-
eration is similar to the write operation.  

 
Fig. 5  Two cells’ circuit implementation for the FIFO 
signal transition 

2.2 Performance analyses 

If one signal transition requires one gate delay, then 
one C-gate delay is equivalent to two gate delays. A 
write operation begins with Put being driven to low. 
After the written data has been latched, the cell will 
drive Put to high to indicate that new data may now be 
sent to it from outside. Thus, the delay from Put be-
coming low to Put returning to high is three gate de-
lays. Assume that the system also needs three gate de-
lays to set Put low again after detecting that Put is high. 
Then it needs six gate delays to complete a write op-
eration. A read cycle also requires six gate delays.  

When the FIFO is empty, the system performance is 
determined by the FIFO’s forward latency, which is 
defined as the delay from Put to Get. As shown in 
Fig. 5, the critical path is from Put to wr, R, Pt, rd, and 
Get; therefore, the forward latency is eight gate delays. 

The critical path passes through only one cell in this 
circular FIFO, so the latency of this circular FIFO is 
independent of the number of FIFO stages. In serial 
FIFOs, the critical path is from the input cell to the 
output cell, passing through all intermediate cells. 
Similarly, when the FIFO is full, the reverse latency 
determines the system’s performance, with the reverse 
latency also being eight gate delays.  

3  Simulation Results 

The FIFO was analyzed in HSPICE using the TSMC 
0.25 m CMOS logic process (Vdd  2.5 V, T  25 ) 
parameters.  

Figure 6 shows the HSPICE simulation waveforms 
for the 4 stages circular FIFO, with the FIFO function-
ing correctly for all conditions. The FIFO is initially 
empty. When the Get signal becomes high to read data, 
the FIFO will not respond until the first write operation 
has been completed. The forward latency is obtained 
by measuring the delay between the first falling edge 
of Put and the first falling edge of Get. After five write 
operations, the FIFO is full, so the sixth write opera-
tion is pending until the cell1 data has been read. The 
delay between the second rising edge of Get and the 
sixth rising edge of Put is the reverse latency.  

 
Fig. 6  Four-stage FIFO simulated waveforms 

The simulation results for circular FIFOs with 4 to 8 
stages are shown in Fig. 7. The 4-stage circular FIFO 
can work correctly up to 2.2 GHz, with a latency of 
less than 581 ps. When the number of circular FIFO 
stages is doubled (from 4 to 8), the latency increases 
slightly by 6.9%. When the number of stages increases 
from 4 to 16, the latency increases by 16.8% since the 
MOSFETs used in the FIFOs with 4 to 16 stages have 
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the same sizes. If the MOSFETs’ sizes for FIFOs with 
different numbers of stages were optimized, the la-
tency would not increase much with the number of 
stages. Unlike existing serial FIFOs based on asyn-
chronous micropipelines, the simulation results show 
that the latency of the circular FIFO is almost inde-
pendent of the number of stages, while the throughput 
still maintains high. The effect of the increased number 
of stages on the latency is 50% less than for the 
bus-based FIFO by Chelceq and Nowick[16]. 

 
Fig. 7  Simulated results for circular FIFOs 

4  Conclusions  

This paper describes and analyzes a circular architec-
ture FIFO to deliver a new type of FIFO suitable for 
GALS systems. Simulations show that the circular 
FIFO has a very low latency and a high throughput. 
Compared with serial FIFOs based on asynchronous 
micropipelines, the circular FIFO latency does not in-
crease with the number of FIFO stages and can reduce 
power consumption during data transfer. The use of the 
single-track asynchronous protocol greatly simplifies 
the circuit design with only three C-gates needed in 
each cell controller, which significantly reduces the 
chip area. 
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