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Abstract— Memory controllers are the digital circuits which are responsible for the data transfer to and from the main memory unit. 

Double Data Rate Synchronous Dynamic Random-Access Memory (DDR SDRAM) is used in computer designs due to its high speed 

and pipelined architecture. DDR SDRAM is an enhancement to the traditional SDRAM. It supports data transfer on both the edges of 

clock cycle, thus doubling the data throughput of the memory devices. The proposed work focuses on implementation of high-speed 

DDR SDRAM Controller with reduced power consumption. Clock gating technique is used to achieve power reduction. The 

performance of proposed DDR SDRAM controller is evaluated at clock frequency of 133MHz, with burst length of 8, 128- bit data 

exchange at both the edges of clock cycles and with read Column Address Strobe (CAS) latency 2. Thus, with the proposed methodology 

total power reduction obtained is 2.502%, which is more than power reduction obtained from previous work [13] with single power 

reduction technique. The proposed design is modelled using Verilog HDL, simulation and synthesis are done using Xilinx Vivado tool on 

Artix-7 family device. 
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I. INTRODUCTION 

 

 The two main concerns in designing any electronic devices are the high speed of operation and low power consumption. In 

contemporary computer systems, processors- I/O s access the data with the help of one or more memory controllers. Memory 

controllers are the digital circuits responsible for control of flow of data to and from the main memory. In specific, memory 

controllers are designed to perform read and write operation on Dynamic Random-Access Memory (DRAM) and design also 

includes the refresh logic which is performed periodically to retain the data on DRAM. 

DRAM operates in asynchronous manner that is they respond only when control input changes. They are capable of handling 

only one request at the time [5]. Synchronous Dynamic Random-Access Memory (SDRAM) is capable of operating at faster 

speed compared to DRAM. It is able to operate more efficiently as it is synchronized to the clock of processor. SDRAM internally 

has pipelined architecture responsible for its high speed of operation. The term pipeline architecture refers to the process where 

SDRAM accepts new instruction before it has finished processing the previous one [6]. This internal pipelined architecture 

matches with the 2n rule of prefetch architecture and also the space for column address that has to be changed on every clock 

cycle for high speed of operation and complete random access is reserved [8]. 

DDR SDRAM is improved version of conventional SDRAM. It allows the data transfer on both the edges of clock cycle, thus 

doubling the data throughput of the memory device. DDR SDRAM utilizes differential clock signals for operation: CLK and 

CLK’ and also data probe signal (DQS) for burst mode data transfer [1][2]. All the commands (address and control signals) are 

issued at the positive edge of CLK. DQS is strobe signal that is used by memory controller and DDR SDRAM during write and 

read operations respectively. Input and output signals are referenced at both the edges of DQS as well as the clock signal CLK. 

Read/Write operation to DDR SDRAM are based on burst mode mechanism: accessing data from more than one location. 

Accessing of data starts with the ACTIVE command, then it is followed by READ or WRITE command. DDR SDRAM has four 

banks, each bank consists of a number of rows. Such rows are divided into columns, each column containing 64 bits of data. The 

number of rows and columns decides the size and internal organization of DDR SDRAM [1]. 

Higher transfer rates are made possible with DDR SDRAM interface compared to single data rate (SDR) SDRAM with firm 

control of the timing of the data and clock signals. Strategies like phase-locked loop (PLL) and self-calibration have to be used 

during implementation to reach the required timing accuracy[3][4].The interface supports transfer of data on both edges of clock 

cycle i.e., on rising edge and falling edge of clock signal to lower the clock frequency. The main advantage of using lower 

frequency is that, it decreases the signal integrity requirements connecting memory to the controller on the circuit board [1].  

 

II. METHODOLOGY 

 

DDR SDRAM Interface includes DDR SDRAM Controller and DDR SDRAM. Input to the controller are signals from user 

interface (Bus Master) and the output of controller is given as input to the DDR SDRAM. The block diagram of DDR SDRAM 

interface is shown in Fig.1. 
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      Fig. 1 Block Diagram of DDR SDRAM 

 

Architectural model of DDR SDRAM module contains different blocks for initialization, issuing read/write commands. To 

generate clock, Delay Locked Loop (DLL) has been used in previous works [4][2]. In this work Phase Locked Loop (PLL) have 

been used as they provide frequency multiplication, which allows slower or faster clock train to be generated from system clock 

whereas DLL does not provide frequency multiplication rather it uses adjustable delay lines to align the output clock pulse with 

reference clock pulse [14]. Multiplication of frequency is needed in design to synchronize with the user interface clock. Thus, clk 

is for synchronizing system clock with user interface clock and clk2x is for data transfer during read/write operations. 

 

The architecture of DDR SDRAM is shown in Fig. 2. It consists of the following modules- 

 Main Control Module 

 Signal Generation Module 

 Data Path Module 

 PLL block 

                                   

         Fig. 2 Architecture of DDR SDRAM Controller 

 

DDR SDRAM makes use of DDR architecture to accomplish high speed of operation. 2n prefetch architecture is used in case 

of DDRAM with which it is possible to attain two data words for one clock pulse at the input/output pins for lone read or write 

operation.  
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Main control module is responsible for initialization of memory controller by issuing initialization and command signals. The 

istate and cstate are the initialization and command signals generated according to the system interface control signals from the 

two finite state machines. Address and command signals based on istate and cstate are generated from the signal generation 

module. PLL block is responsible for providing clock signal to all the submodules DDR SDRAM architecture. The read and write 

operations between bus master and DDR SDRAM is performed by data path module. 

 

 

A. Main Control Module: 

Initialization parameters are required to make DDR SDRAM Controller operational. The main control module contains 

two finite state machines to provide initialization and command signals to the memory controller. After issuing signals from 

two finite state machines, access to the memory will be given. The following are the sub modules of main control module. 

 Initialization_FSM 

 Command_FSM 

 Counter module 

1. Initialization_FSM: Initialization of DDR for normal memory access is carried out by Initialization_FSM with the series 

of commands. Initialization_FSM is mealy state machine, data transfer occurs at the positive (or negative) edge of clock 

cycle and outputs are sampled only on the active clock edge. The operation of state machine starts with reset signal going 

low. Fig 3 indicates Initialization_FSM.    

                     
             Fig.3 Initialization_FSM     

Once the reset signal goes to logic low, finite state machine enters i_IDLE state irrespective of its present state. In i_IDLE 

state the system remains in idle state without performing any operation. 

The controller waits for some amount of time for clock to get stabilized. In our case the clock stabilization period is about 

200us.Once the clock signal gets stabilized the reset signal goes high from low state. Active high on sys_dly_200us indicates that 

clock has been stabilized. After this initialization of finite state machine begins. The Initialization_FSM changes its state from 

i_IDLE to i_NOP state. i_NOP (No Operation) state is included to avoid unwanted commands getting registered during i_IDLE 

state or wait states. It does not affect any operations in progress. On next clock cycle FSM moves i_NOP state to i_PRE state. In 

i_PRE state PRECHARGE command is generated and applied to all the banks present in device. This command can open the row 

in all the banks or disable the row of bank depending upon the state that triggers particular bank. After generating PRECHARGE 

commands finite state machine moves to next stage i.e., two AUTO REFRESH commands to refresh the SDDRAM memory. 

Whenever refresh is required AUTO REFRESH command is issued. To perform AUTO REFRESH command all the banks shall 

be in idle state. Refreshing commands are issued twice. Once the refreshing of memory is done FSM moves to next state i_MRS 

state [2]. 
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In i_MRS state, LOAD MODE REGISTER command is issued to configure SDDRAM controller for operation. Like AUTO 

REFRESH command this shall also be applied to all banks when they are in idle state and shall wait till tMRD meets subsequent 

executable command to be issued. Initialization_FSM moves to next state i.e., i_ready state after completing i_tMRD delay. From 

this state onwards memory access operation begins. The signal sys_INIT_DONE is set to high to indicate that initialization is 

done. 

2. Command_FSM: Command_FSM handles read/write operations. Read/Write operations are indicated by the logic levels 

on sys_R_wn: if logic high it indicates read operation, if logic low it indicates write operation. Command_FSM is shown 

in Fig. 4. 

During read operation, state machine moves from c_reada to c_cl for predefined delay. After this state machine switches to 

c_rdata to transfer data from SDRAM to bus master. Once data transfer is over state machine switches back to c_idle. During 

write operations the FSM switches from c_writea to c_wdata to transfer data from bus master to SDRAM and moves back to 

c_idle state [4]. 

3. Counter: This counter is included for consecutive Read or Write operations. Burst count value decides when the next 

Write or Read command shall be issued in case of consecutive Read/Write operations. DDR controller has high 

performance memory for those systems which would require access to the external device with highest throughput and 

with as low latency as possible. 

 

                     
                        Fig.4 Command_FSM 

B. Signal generation Module: This module generates command signals to the DDR SDRAM. Fig. 5 indicates the signal 

generation module. 

                                             
                  Fig. 5 Signal Generation Module 
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Signal ddr_ad is for selecting the address, ddr_csn and ddr_ras are for selecting particular row and column address. These signals 

are managed by the value of istate and cstate from the main control module. 

 

C. Data Path Module:  Data path module is responsible for transmitting the data to the memory. The main functionality of data 

path module is storing the write data and evaluating the values for read data path. Data transfer between DDR SDRAM and 

user interface takes place at both the positive edge and negative edge of the clock signal. Because of this reason there is timing 

requirement for generating and sampling the write data and read data respectively.   

                                         
  Fig. 6 Data Path Module 

D. PLL Block: Phase locked loop block is required in design to generate clk (133MHz) and clk2x (266MHz). PLL is also 

responsible for generating the ddr_clk and ddr_clkn. The reason for including clk2x from PLL is to manage the read/write data 

path delay. 

III. POWER REDUCTION TECHNIQUE: 

 

Clock gating is one of the power reduction technique used in synchronous circuits for dynamic power reduction. Low toggling 

rate effectively reduces the dynamic power consumption. Clock gating selectively disables the clock to certain blocks of design to 

avoid unnecessary switching activities. There are different types of clock gating techniques like Gate-based clock gating, Latch-

based Clock gating, Flipflop-based clock gating and Adaptive clock gating. Adaptive clock gating is considered more effective 

compared to other techniques as it overcomes the disadvantages like occurrence of glitches, large area consumption. In our design 

adaptive clock gating is used in PLL block which provides clock to all the other blocks of DDR SDRAM controller. 

                                                        
      Fig. 7 Gated clock circuit for PLL 

 

In adaptive clock gating technique gated clock signal is generated with XOR and flipflop as shown in Fig. 7. Input to the 

flipflop is enable signal of controller. Whenever there is change in enable signal i.e., gated_clk value will be 1 when there is 

change in present input and present output. This gated_clk signal is given to the PLL block that generates ddr_clk and ddr_clkn 

signals. By using this method in design there is reduction in dynamic power consumption. 
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IV. RESULTS 

DDR SDRAM Controller is implemented with clock gating to achieve reduced power consumption. Table.1 is the comparison 

power report of DDR SDRAM controller implemented with and without clock gating. Implementation with clock gating 

technique results in reduction of dynamic, signals, logic, I/O power values compared to the DDR SDRAM implementation 

without clock gating technique.  

   

 Dynamic 

Power(W) 

Signals 

(W) 

Logic 

(W) 

I/O 

(W) 

Total 

Power(W) 

Total 

Power 

reduction 

in 

percentage 

Without 

Clock gating 

21.731 4.785 3.313 14.632 44.551  

- 

With Clock 

gating 

21.714 4.779 2.310 14.625 43.428 2.5207% 

                          Table. 1 Comparison table for power consumption with and without clock gating design 

 

Thus, with the proposed methodology it is possible to achieve power reduction of 2.5207% which is more than the power 

reduction achieved from previous work [13] which is 2.05% using single power reduction technique. 

 

Table. 2 gives the utilization report, from which it is clear that DDR SDRAM implemented with clock gating uses a smaller 

number of LUTs, registers and bonded IOBs.  

 

 

 

 

 

 

 

 

 

                                 Table. 2 Utilization Report comparison with and without clock gating design  

 

 

 

Simulation result of DDR SDRAM Controller during read operation is shown in Fig. 8. Simulation waveform of DDR 

SDRAM Controller during write operation is shown in Fig.9   These simulation results are obtained from Xilinx Vivado simulator. 

 

 

 
  Fig. 8 Simulation waveform of controller during read operation. 

 

 

 

 

 

 

 

 Slice LUTs 

(134600) 
Slice Registers 

(269200) 
Bonded IOB 

(500) 

Without clock 

gating 
874 1374 375 

With clock gating 868 1363 366 
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  Fig. 9 Simulation waveforms of controller during write operation. 

 

V. CONCLUSION 

 

The proposed DDR SDRAM controller can be used for real time applications. It is implemented for operating frequency of 

133 MHz, burst length of 8 and CAS latency of 2. Phase Locked Loop (PLL) has been used instead of Delay Locked Loop (DLL) 

to achieve frequency multiplication clkx and clk2x, where clkx is used for synchronizing system clock with user interface clock 

and clk2x is used for transferring of data during read/write operations. Using PLL in design also has advantage of generating 

faster frequency multiplication thus achieving the high speed. Power reduction technique clock gating has been used in design to 

achieve reduction in dynamic power consumption. The proposed implementation allows 128- bit data exchange at both the edges 

of clock cycle with reduced total power of 2.502%W which is more than power reduction obtained from previous works [13] with 

single power reduction technique. The proposed design is modelled using Verilog HDL, simulated and synthesized using Xilinx 

Vivado tool on Artix-7 family device. 

 

VI. FUTURE SCOPE 

 

Further power reduction can be achieved by combining power reduction through synchronous FSM along with clock gating 

technique to achieve power efficient DDR SDRAM Controller. The same techniques can be applied to higher version of Double 

Data Rate SDRAMs (DDR1, DDR2, DDR3) architectures, thus it helps to achieve high speed controllers with reduced power. 
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