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Abstract— With the increasing resolution of 3D high definition 
(HD) video, high bandwidth, large capability, low power 
memory becomes essential.  In this paper, a thermal-aware 
hierarchal memory management unit (MMU) in a 3D-Stacked 
DRAM model is proposed for 3D HD video systems. By 
constructing the 4Gb, 4-stack 3D DDR3 DRAM model with 
through-silicon-vias (TSVs), the data bandwidth can be up to 
21.3 GB/s @ 333MHz. Additionally, an efficient address 
translator, a global rank controller and local slice controllers are 
proposed in the hierarchal MMU for 3D Full HD video disparity 
calculation. The hierarchal MMU can improve bandwidth by 
54.3% through command reordering and bank/rank 
interleaving. Moreover, power reduction of up to 43.46% can be 
realized in low power mode by the dynamic thermal-aware 
refresh timing control and deep power down detection. 

I. INTRODUCTION 

With modern development of 3D display and 3DTV 
applications, 3D video technology is inevitably a major trend 
in the future [1]. In 3D video technology, view synthesis 
engine has become a critical component, which can generate 
virtual view videos in stereoscopic TVs or the free-viewpoint 
TV (FTV) systems [2]. In these systems, the view synthesis 
engine is a back-end process to synthesize the virtual views 
after receiving image texture and depth data from the multi-
view video decoder [3]. In real-time 3D video systems, the 
standard DRAM cannot afford the huge data throughput for 
the extensive requirement on bandwidth and computation 
power [4].  

Therefore, a topic of great interest, three-dimensional (3D) 
integration provides a viable promising option to address the 
well-known memory wall problem in high-performance 
computing systems [5]. 3D integration based on TSV (through 
silicon via) technology enables stacking of multiple memory 
layers and has the advantage of higher bandwidth at lower 
energy consumption for the memory interface [6]. The stacked 
DRAM dramatically reduces the access latency and improves 
the bandwidth through TSV 3D integrations. For further 
increasing the access efficiency, a customized 3D Double-
Data-Rate (DDR) SDRAM controller has been proposed via 
parallel access policy by TSVs [7]. Moreover, an energy-
efficient DRAM subsystem was presented for next-generation 
3D integrated SoCs, which is composed of a SDR/DDR 3D-
DRAM controller and an attached 3D-DRAM cube with a 
fine-grained access and a very flexible wide-IO interface [8].  

For the requirements of large physical memory space and 
high memory bandwidth in real-time 3D video systems, a 
thermal-aware hierarchal memory management unit (MMU) is 
proposed with a 3D-Stacked DRAM model in this paper. The 
hierarchal MMU is designed to schedule great amount of data 
accesses and to generate the corresponding commands using 
an efficient address translator, a global rank controller and 
local slice controllers. Moreover, a dynamic thermal-aware 
refresh timing control is also proposed to auto-adjust the 
refresh time in different temperatures due to the critical 
challenge of heat dissipation in TSV 3D integrations. 

II. ANALYSIS AND MODELING OF 3D-STACKED DRAM  

3D integration with TSV stacked DRAM is a promising 
solution to overcome the pin-limited performance growth, 
power vs. bandwidth dilemma and memory wall. In view of 
this, a 3D-stacked DRAM model is established for the system 
simulation of 3D video applications. The 3D-stacked DRAM 
model is constructed by four layers as shown in Fig. 1. Each 
layer contains four DRAM banks, and the I/O number of each 
bank is 128-bit. Therefore, the total I/O number of 3D-stacked 
DRAM is 4x128 for the 3D video processor.  

The 3D-stacked DRAM model is established based on 
Micron DDR3 DRAM model [9] and TSV/micro-bump 
compact model [10, 11]. Fig. 2 presents the modeling 
procedure of this 3D-stacked DRAM model. First, each 
DRAM bank is modified as 256Mb from Micro DDR3 
DRAM model independently. For wide-I/O interface, the 
maximum I/O pin of each bank is extended from 16-bit to 
128-bit by removing the parallel-in serial–out interfaces and 
FIFOs. Consequently, the timing and power model of wide-IO 
TSVs are characterized based on TSV compact model and HP 

Fig. 1. 3D-Stacked DRSM and 3D video processor. 
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CACTI-3DD TSV driving circuits [12] through first-order 
Elmore delay analysis in HSPICE. The diameter, pitch and 
length of TSV parameters are 30μm, 30μm and 200μm using 
via-last process.  

After modifying the standard DDR3 model and extracting 
the timing/power information, the 3D-stacked DRAM model 
can be developed in the final step. The 3D-stacked DRAM is 
constructed by four layers with four banks per layer. Therefore, 
the total capacity of 3D-stacked DRAM is 4Gb with 16 banks. 
Each rank (vertical slice with 4 banks) has its own local slice 
controller, and total 4x128 TSV I/Os are connect to the 3D 
video processor. Table I lists the specification of the 3D-
stacked DRAM. The maximum frequency is 333MHz which 

can realize 21.3GB/s bandwidth. And thus, the operation 
frequency of 3D video processor between 150~200MHz can 
achieve 9.6~12.8GB/s bandwidth.  

III.  THERMAL-AWARE MEMORY MANAGEMENT UNIT  

The proposed MMU is an interface between the 3D video 
processor and 3D-stacked DRAM devices as shown in Fig. 3. 
This hierarchal MMU is composed of application-driven 
global control and memory device-driven local control. The 
global memory control is design to translate the memory 
mapping via an address translator and to schedule the 
corresponding slices for data accessing. Consequently, the 
local memory control contains 4 slices controllers to receive 
and to manage the commands from the global rank controller. 
In addition, the DRAM commands have to be exactly issued 
for meeting various and complex timing constrains of 3D-
stacked DRAM. Hence, the local slice controller is designed 
to issue the appropriate commands without any DRAM timing 
violation. For further improving the bandwidth efficiency, a 
command scheduling is also utilized to reschedule the DRAM 
commands for reducing the access latency. Because the banks 
in the 3D-stacked DRAM can be operated in parallel, the 
commands of different banks can be issued without any timing 
constrains. Therefore, rescheduling DRAM commands 
achieves higher bandwidth utilization than in-order issuing. 
The details of the local slice controller and global control will 
be described in the following sections.  

IV. LOCAL SLICE CONTROLLER FOR 3D-STACKED DRAM  

The architecture of the local slice controller is as shown in 
Fig. 4, consisting of four stages by FIFOs, finite state 
machines (FSMs), a command scheduler, thermal-aware 
timing counters and I/O control circuit. The FIFOs are 
designed as a buffering stage to store incoming requests 
temporarily and to synchronize data transfer between the 
global controller and 3D-stacked DRAM. The second stage is 
implemented for generating commands. For generating the 
violation-free commands of one DRAM slice, 4 bank FSMs 
are constructed to record the status of four DRAM internal 
banks. When an input command addresses to one of DRAM 
banks, the state of the corresponding Bank FSM would be 
checked. According to different bank status, correct 
commands are issued to the command scheduler for 
rescheduling issues.  

The third stage is the command issuing stage. When 
issuing these commands to 3D-stacked DRAM, complex 

 
Fig. 2. Modeling procedure of this 3D-stacked DRAM model. 

 

Fig. 3. Hierarchal memory management unit (MMU). 

Table I. Specification of the 3D-stacked DRAM 

Specification of Wide-I/O 3D-stacked DRAM 

Voltage 1.5V 
Capability 4Gb 

Organization 4-bank per vertical slice(Rank)

I/O Pin x512 (128-bit per bank) 

Data Rate 200~333 MHz 
Data Bandwidth 12.8~21.3 GB/s 
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Fig. 4. Architecture of local slice controller. 
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timing rules must be strictly observed. The command FSM 
can issue the commands in the correct time without any timing 
violations, and is controlled by several timing counters 
recording the cycle margins of different timing constraints. As 
a command is issued, the relative timing counters will be set to 
a certain value and start to decrease until the counter is return 
to zero. The timing counters will be checked when issuing 
new commands from issue FIFO. If there is no timing 
violation, the command can be issued to DRAM. Otherwise, 
additional stalls will occur. During the time of waiting, local 
slice controller will issue NOP commands to external memory. 

 The last stage is designed for I/O control. When a write 
command is issued, the write data must be sent after column 
write latency. Also, the read data would appear in the data bus 
after column read latency when a read command is issued. 
The I/O control block controls the timing of access data via an 
I/O FSM. Furthermore, the Data Strobe (DQS) signal would 
need to be controlled by I/O for DRAM access data aligning.  

A. Command Schedular 

For improving the bandwidth efficiency, the command 
scheduler is applied to reschedule the command sequence. To 
fully utilize the 3D-stacked DRAM bandwidth, the scheduler 
parallelizes the accessing which address to different banks. 
With different situations, appropriate scheduling is utilized to 
reduce the access latency. For accessing each bank, data for 
any write burst may be followed by a subsequent read 
command after tWTR has been met. It may cause worse 
bandwidth efficiency when the read and write commands are 
interleaved frequently. Fig. 5(a) illustrates the example of 
issuing the read bursts after write bursts. If the successive read 
and write commands have no data dependency, the issue 
sequence can be exchanged so that the bandwidth efficiency 
can be improved. Additionally, when row-conflict occurs, the 
PRECHARGE and ACTIVATE commands must be issued to 
deactivate the open row and re-activate new row. Fig. 5(b) 
presents the example of four successive row-conflict reads 

with different banks. With scheduling, the PRECHARGE and 
ACTIVATE commands can be issued in advance so that the 
pre-charge and activate time can be hidden. 

B. Dynamic Thermal-Aware Refresh Timing Control 

To prevent data loss, the refresh command is provided to 
read each cell and rewrites it periodically, restoring the charge 
in the capacitor to its original level. When the refresh cycle is 
occurring, other normal operations like read/write is not 
available. The DRAM requires refresh cycles at an average 
interval of 7.8μs (maximum when TC ≤85°C or 3.9μs 
maximum when TC ≤95°C). However, the heat removing of 
the TSV 3D integration is difficult that induces wide dynamic 
temperature range that increases the refresh frequency. 

To realize accurate refresh timing, the thermal-aware 
refresh controller is designed in the timing counter of the local 
slice controller. Because of the temperature is differ in 3D-
stacked chip, and the wide range of temperature could be from 
0~125̊C, so the temperature from 0 ˚C to 125 C̊ into is 
separated in five equal region as shown in Fig. 6. Each range 
of temperature has its own refresh time, when the temperature 
getting high, the maximum average periodic refresh will 
decrease dramatically. In the local slice controller, the 
dynamic thermal-aware refresh detection block will check 
each bank’s temperature at the moment, and automatically 
adjust the refresh time in the timing counter. 

V. GLOBAL CONTROL FOR 3D VIDEO PROCESSOR 

The global controller is the interface between 3D video 
processor and the local slice controllers as shown in Fig. 7. 
The global memory control is design to translate the memory 
mapping via an address translator and a rank scheduler. 

A. Rank Scheduler 

The main part of the global controller is the rank scheduler 
for rescheduling the operations of each rank based on the 
access patterns of the 3D video processors. According to the 
different requests, all the ranks can provide parallel 
command/data access to realize high bandwidth utility. When 
the data request of the 3D video process is infrequent, the rank 
scheduler will only access one rank and turn off other ranks in 
the power down mode to reduce the power consumption. 

In the previous proposed 3D HD video processor [4], the 
strip-based computation order is introduced to reduce the 
hardware cost and optimize the balance between memory and 
bandwidth. However, the order of data accesses should be 

Write
Read
Write
Read

Write

Read
Write

Read

Fig. 5. (a) Read/Write scheduling (b) Row-conflict scheduling. 

 
Fig. 6. Refresh time under different temperature levels. 

Fig. 7. Architecture of global control. 

78



adjusted for avoiding row miss since the computation order is 
not only regular raster scan. Because most space of the 3D-
stacked DRAM is occupied by the current image, two ranks 
are utilized to store the current left view and right view. 
Therefore, the Rank0 and Rank1 are YUV data for current 
views with different orders. Rank0 is used for the regular 
raster scan of all view sequences, and Rank1 is utilized for 
strip-based data access. Then when the disparity map of the 
view is merged, the data will be placed in Rank2 and Rank3 
with the interlacing order. 

The configuration of Rank0 is as shown in Fig. 8. The 
YUV values of 4 pixels are grouped as a basic unit, and each 
unit will occupy one column. And thus, the right view and left 
view are interlaced in sequence. As a result, 64 units of right 
and left view can be stored in a memory row. Based on this 
configuration, the rank controller can obtain the shared YUV 
420 data and load 4 pixel values once without row miss. The 
configuration of Rank1 is as shown in Fig. 9. Since the 3D 
video processor only requires 4 rows’ data in the window with 
the strip-based data access, four rows’ data are placed in 4 
different banks. By bank interleaving access, when finishing 
the read operations of the row 1 data from bank 0, the read 
operations of row 2 data can be activated immediately from 

bank 1 without finding the next row’s data in several columns 
away from the first one. After 32 cycles, the search window is 
moved to the next eight pixels from left to right.  

After the computation, the odd numbers of disparity map 
with 4 pixels will be stored in Rank2 in the vertical direction 
as shown in 10. The first row of the disparity value will be 
placed in bank 1, and so on. The access policy of Rank3 is 
similar to that of Rank2 but with the even numbers of 
disparity map. When calculating the disparity, the previous 
disparity data information is also required. In view of this, the 
rank interleaving policy is utilized to realize the optimal 
bandwidth utilization. While calculating the first disparity 
frame, the result data will be stored into Rank2 at the same 
time. When finishing the first one and starting to calculate the 
second disparity frame, the rank controller will read the first 
frame’s data from Tank2, and store the calculation result to 
Rank3 in parallel. 

B. Address Translator 

The address translator is designed to enhance both the 
memory bandwidth and power reduction by achieving the 
regular data accesses of 3D-stacked DRAM. Therefore, the 
translation has to minimize the number of the overhead cycles 
for row-activations pre-charge operations. Fig. 11 presents the 
address mapping between the 3D video processor and the 
physical address of the 3D-stacked DRAM. 4-bit byte offset is 
set because the data width of the 3D-stacked DRAM 
configuration is 16 bytes (128 bits). And thus, 7 bits is defined 
for DRAM 128b column address, 2 bits for 4 bank address, 2 
bits for bank address and 14 bits for 16K row address. As this 
mapping scheme, a block access can be allocated in the same 
bank and the same row so that the row-conflict and bank-
conflict would not occur. For the adjacent block access, the 
row-conflict and bank-conflict probability can be minimized. 

Fig. 8. Configuration of right left image (Rank0). 

Fig. 9. Configuration of strip-based access (Rank1) 

 
Fig. 10. Configuration of odd disparity frame access (Rank2). 

Fig. 11. Address mapping for the 3D-stacked DRAM 
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C. Data Pre-fetch FIFO 

For the wide-I/O 3D-stacked DRAM, each rank contains 
128 bits per cycle. For the disparity estimation in 3D video 
processor, the requirement of data bandwidth is only 16 bits 
per cycle. Therefore, the DRAM is usually in the idle stage 
waiting for the access of the 3D video processor. In view of 
this, the deep power down mode can be activated by the data 
per-fetch scheme. In the 5x5 computation window as shown in 
Fig. 12, the required two to five 128-bit group of residuals 
strip data can be pre-fetched for the disparity estimation. 
Therefore, the data FIFO is constructed to store these data in 
advance. After the pre-fetch procedure, the DRAM will enter 
the deep power down mode for power saving. Furthermore, 
the corresponding wake-up signal will be generated by the 
rank scheduler for power up. 

VI. SIMULATION RESULTS 

All the simulation parameters and test pattern 
configuration are list in Table II. Moreover, the energy results 

are based on the system power calculators provided by Micron 
Technology Inc. [13]. Fig. 13 presents the overall bandwidth 
utilization improvement by the command scheduling in the 
local slice controller and the bank/rank interleaving scheduling 
in the global rank controller. For the local slice controller, the 
bandwidth utilization can be improved by 23.7%. Moreover, 
the bandwidth utilization can be further improved by 54.3% 
based on the MMU for the 3D-stacked DRAM.  

Without the dynamic thermal-aware refresh timing control, 
the operated temperature is set at the constant temperature, 
85̊ C (5.2µs maximum average refresh time). Accordingly, the 
estimated temperature is set between 75~125˚C by the DRAM 
access condition for the thermal-aware refresh timing control. 
Fig. 14(a) and Fig. 14(b) show the total refresh count of all 
banks and the total execution time, respectively. 33.39% 
refresh count reduction and 10.39% execution time reduction 
can be achieved via the thermal-aware refresh timing control. 
To reduce the overall power consumption of 3D-stacked 
DRAM, the pre-fetch technique is proposed to pre-fetch 
several groups of 128-bit data to FIFO. And thus, the 3D-
stacked DRAM is operated into the deep power down mode. 
Fig. 15 presents the energy estimations with/without the 
proposed pre-fetch FIFOs, respectively. The pre-fetch 
technique can realize 43.46% energy reduction on average. 

VII.  CONCLUSION 

With the increasing resolution of 3D HD video, high 
bandwidth of memory accesses and large capability of storage 
are required for the real-time 3D HD video processor. In this 
paper, a thermal-aware hierarchal memory management unit 
(MMU) is presented for 3D HD video systems with a 3D-
Stacked DRAM model. Therefore, an efficient address 
translator, a global rank controller and local slice controllers 
are proposed in the hierarchal MMU for 3D Full HD video 

Fig. 12. Data pre-fetch technique for energy reduction. 

Fig. 13. Bandwidth utilization by the command re-scheduling and bank/rank 
interleaving scheduling. 

Fig. 14. (a) Refresh count reduction (b) execution time reduction 
with/without thermal-aware refresh timing control. 

Table II. Dimulation parameters and test pattern configuration. 

Test Pattern configuration 

Input Sequence 2 videos of 2 view 
(1920x1080@30ps) 

Clock Frequency of  
3D Video Processor 

1920x1080x30x4 = 250 MHz
(Real-Time) 

Total Number of Commands 608,256 
DRAM Configuration 

Clock Frequency of  
3D-stacked DRAM 250 MHz 

Channel/Rank/Bank 1/4/16 
Model 3D-Stacked DRAM 

 
Fig. 15. Energy estimations with/without the proposed pre-fetch FIFOs. 
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disparity calculation. The hierarchal MMU can improve 
bandwidth by 54.3% through command reordering and 
bank/rank interleaving. Moreover, power reduction of up to 
43.46% can be realized in low power mode by the dynamic 
thermal-aware refresh timing control and deep power down 
detection. 
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