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This report describes the design of a multi-portf2Dmemory controller using the
high-level hardware description language Bluespete®n\erilog (BSV). The pur-
pose of the implementation of the design was tladuation of Bluespec System-
Verilog and the Bluespec compiler and to compageBtuespec design flow with a
traditional design flow using register transferdeVerilog or VHDL.

Introduction

The introduction of the hardware description largrsaVHDL (Very High-speed
integrated circuit Description Language) and Veriio the 1980’s was a significant
step forward for the development of digital elentes. It freed digital designers of
the use of schematics and allowed the use of prugiag language techniques
instead. However, as far as the hardware desumifdhguages are concerned,
state-of-the art in digital design has not muchngeal since the late eighties and
early nineties. Re-use in software engineeringie@s very successfully improved,
supported by programming constructs availablenglages such as C++ and Java.
The lack of such constructs in VHDL and Verilog tiagted the application of re-
use to relatively large blocks often referred tdrasllectual Property (IP).

The Bluespec SystemVerilog (BSV) language, basetti®@mpcoming standard Sys-
temVerilog language has more sophisticated programeonstructs which allow
re-use at a much lower granularity. To illustrdtte tiseability of those constructs,
this report desribes the implementation of a nudtit DDR2 memory controller
using BSV. This design was chosen for the evalnatiecause it contains both low-
level issues (related to the DDR2 interface) amghdii-level issues (related to the
multiple ports). The remainder of this report igamised as follows :

» a specification of the multi-port memory controliepresented.
« the architecture and the two layers of the desigrdascribed:
- the lower level, which deals with the DDR2 mematyhe signal level




SPECIFICATION

ARCHITECTURE

Specification of the multi-port memory controller

- the higher level which implements the multipletg@and the scheduling
the lower level part of the design is described.

the higher level part of the design is described

the verification environment is described

the synthesis environment and synthesis resultdesmeribed
conclusions and recommendations are presented

Soecification of the multi-port memory controller

The evaluation design is a multi-port DDR2 Memogn@oller with the following
specifications:

DDR2 memory controller with ports,
each port is either a read or a write port.

The sequence in which each port get access to ehsony is fixed, which guar-
antees the throughput for each port.

The following items are parameterized:

number of ports n

direction of each port

schedule (e.g. the sequence in which each porigetss to the memory)
burst size (minimum number of transfers of eachyeintthe schedule)
fifo size of each port

Refresh and initialization are performed by thetoater

Design of the multi-port memory controller

This section describes the design of the multi-pwtory controller. First, the
architecture will be described, and then some @frtiplementation details of the
design will be described.

Figuur 1 Shows the architecture of the multi-poemory controller.
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FIGURE 1. Architecture of the multi-port memory controller

The architecture in Figure 1 contains the followsdp-blocks:

nport: the core of the multi-port memory controller
switch: the block that allows one of the write or readtp@ccess to the memory
controller: the block that performs the accesses to the memor

io: the block containing the DDR2 specific 10’s, imding phase shifting and
double-data rate conversions

memory: the external memory

The ports will be serviced according to a fixedestifle (see Figure 1). This sched-

ule
DD

consists of an array of port numbers. The ealenemory is industry standard
R2 memory. For the purpose of this report, itas relevant about the discuss the

operation of the DDR2 memory interface in greaailehowever, some of the inter-
face functionality is explained in the next sectionllustrate some of the design
choices.

The remainder of this section is split in two paoise part that deals with the exter-

nal
the

memory interface (theontroller block in Figure 1) and one part that discusses
higher level functionality (the blockgort andswitch in Figure 1).
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DDR2 interface level

DDR2 interface level

To illustrate some of the requirements that exist ade-offs that can be made
when interfacing with an external DDR2 memory, Feg shows a basic write

operation.
Ons 25ns 50ns 75ns 100ns
N [ [ b [ N
clk
cmd | P A w w |
bank [ B B B B |
address | R C c X]

\—write latency-
write Iatency—ﬂ
i

data

P = Precharge command
A = Activate command
W = Write command

B = Bank address

R = Row address

C = Column address
C'= Column address + 8

FIGURE 2. DDR2 Write burst timing diagram

In order to access a memory cell inside a DDR2 nmgntloe following operations
are necessary:

1. Precharge of the bank in which the memory cell is located{@R2 memory
can have upto 8 banks)

2. Activate of the row in which the memory cell is locatedL@bit DDR2 memory
has 8192 rows).

3. A Writecommand must be issued together with the colurdnead of the mem-
ory cell (a 16 bits wide 1Gbit DDR2 memory has 1@2#umn addresses in a
single row). Row address lines and Column addigees kre shared

4. After a specified delay (the write latency) a senpe of data items is passed to
the memory, one item on each edge of the clockurstiof 4 or 8 data items is
then written to the memory. For this report onlyuast size of 8 is considered.
As shown in Figure 2, to write a burst of 16 congiee data items to the mem-
ory, twoWrite commands have to be issued and the second cdapwéth the
execution of the first command, so that the fulidaidth of the interface can be
utilized for accesses to the same row.

The data items are accompanied by a strobe sigriahwalternates in value for each
data item and which is used to compensate for RQBNY delay. The necessary
strobe signals are implemented in tbdlock in Figure 1 and are considered of no
interest for this report.

For completeness, in Figure 3, the timing diagrdm i@ad burst is shown.
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FIGURE 3. DDR2 Read burst timing diagram

The operations are similar as for the write bia&gad command is issued is issued
instead of aVrite command and the data on the memory’s data bus/encby the
memory instead of by the controller.

In Figure 4, the hierarchical design of the comgirols shown. The controller itself
can be accessed bgad andwrite methods and the associated data is stored in and
obtained from the controller lput andget methods. At the heart of the controller is
the core module, which can be controlled at the commandllby methods such as
precharge, activate andread.
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DDR2 interface level
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FIGURE 4. Controller hierarchy

In Bluespec System\Verilog the interfaces can berde=d seperately from the mod-
ules and in the next part of this section the fatss of theontroller andcore mod-
ules will be described.

BSV INTERFACES This section describes the Bluespec SystemVeriltagfaces. Theore module (see
Figure 4) is accessed using the interface calle®@B®Dntfc, which is described as
follows:

interface DDR2_intfc#(type row_addr_type, type col_addr_type,
type data_type);
interface Put#(Tuple2#(data_type, data_type)) inport;
interface Get#(Tuple2#(data_type, data_type)) outport;
method Bool data_available;
method Action read(Bit#(3) ba, col_addr_type a);
method Action write(Bit#(3) ba, col_addr_type a);
method Action enable();
method Action disabl1(Q);
method Action nop(Q);
method Action activate(Bit#(3) bank, row_addr_type row);
method Action Toad_mode(Bit#(3) r, row_addr_type m);
method Action refresh();
method Action precharge_all1(Q);
method Action precharge(Bit#(3) bank);
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DDR2 interface level

method Action d_in_rising(data_type r);
method Action d_in_falling(data_type f);
method row_addr_type address();
method Bit#(3) bank_address();
method data_type d_rising(Q);
method data_type d_falling(Q);
method Bit#(1) d_en();
method Bit#(1) d_sample();
method Bit#(1) dgs_en;
method Bit#(1) dgs;
method Bit#(1) cke;
method Bit#(1) cs;
method Bit#(1) ras;
method Bit#(1) cas;
method Bit#(1) we;
endinterface

The first part of this interface, from the data interface to thg@recharge method

are the methods through which the controller aese®e functionality inside the
core module, whereas the last part of the interflrom the methodl_in rising to

we, forms the signals that are transformed byithaock to the signals that are con-
nected to the external memory (see Figure 1).

The interface was defined polymorphic, usaalglr_type anddata_type, which

makes it easier to change, but because thesergfats to external signals, the ben-
efit of the polymorphism in this particular casdimsited. Furthermore, all data sig-
nals come in two versions: one that, on the exténterface, is valid on the rising
edge of the clock and one that on the externaifate is valid on the falling edge of
the clock.

interface DDR2_ctrl_intfc#(
type addr_type,
type data_type,
type row_addr_type,
type col_addr_type);
interface Put#(Tuple2#(data_type, data_type)) 1inport;
interface Get#(Tuple2#(data_type, data_type)) outport;
method Bool data_available;
method Action write(addr_type a);
method Action read(addr_type a);
method Bool write_available;
method Bool read_available;
method row_addr_type address();
method Bit#(3) bank_address();
method data_type d_rising(Q);
method data_type d_fallingQ);
method Action d_in_rising(data_type r);
method Action d_in_falling(data_type f);
method Bit#(1) d_en;
method Bit#(1l) d_sample;
method Bit#(1) dgs_en;
method Bit#(1) dgs;
method Bit#(1) cke;
method Bit#(1) cs;
method Bit#(1) ras;
method Bit#(1) cas;
method Bit#(1) we;
endinterface
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DDR2 interface level

The implementation of thBDR2_core module has been kept simple, most methods
translate directly into command issued to the menidie command bits have been
defines as registers, e.g.:
Reg#(Bit#(1)) cs_r <- mkrReg(l);
And for example thectivate method was described as:
method Action activate(Bit#(3) bank,
Bit#(row_address_width) row);
cs_r <= 1'bl;
ras_r <= 1'b1;
cas_r <= 1'b0;
we_r <= 1'b0;
ba_r <= bank;
a_r <= row;
endmethod

Because theead andwrite methods require a number actions that have tebe p
formed after some delay, they were implementeddiygua shift register for the
delay and a set of rules to implement the actitorstije complete source: [Nport

BSV)).

The implementation of the controlleddf2_ctrl_parametric) has a bit more com-
plexity, as it contains the following functionality

« initialization sequence
¢ read burst

e write burst

« refresh

The initialization sequence is required by the D¥R&cification [JESD79-2A] and

was implemented by using a counter and a set e$ithiat perform the required

actions at specific counter values, e.g.:

rule init_Tm_l_rule(initializing & & (counter == 2406));
ddr2_if.load_mode(1, 'b0_0_1_000_0_000_1_0_0);

endrule

The above rule specifies that when the counterevadaches 2406, thead_mode
command of th®DR2_core module is called. After the initialization sequeris
performed, a register bit is set and read and aitens can be performed. To
implement the read and write actions, shift registeere used to delay actions and
to allow overlapping requests (see Figures 2 and 3)

For the purpose of this evaluation, the implemeénanf the refresh was done at the
end and the other functions (initialization, wréted read bursts) were implemented
without any provisions for the refresh. Using asemtional RTL implementation
flow, this would require to a lot of changes to e@dready written and tested, or
result in an inefficient implementation. For a dgsin Bluespec SystemVerilog this
should be a perfectly acceptable approach as tesBeéc compiler can deal with it
effectively.

The refresh was implemented using a counter to eeg of time. When the coun-
ter reaches the value for the refresh period, amently active read or write burst is
finished and thereafter the refresh is startediriguhe refresh, no other read or
write methods can be called.
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DDR2 interface level

PORT LEVEL Basically, the controller described in the previsastions, can be seen as a one-read
and one-write port memory controller. Te extend fbactionality to more read and
write ports, only a set of FIFO’s and the functilityato connect those FIFO'’s to the
controllers read and write ports is necessanhémext parts of this section the two
main modules that implement the functions menticaieolve will be described:

» thescheduler module which contains the FIFO’s and the abilitgelect one of
the FIFO's.

« thenport module which contains the controller, the schedaitel the main con-
trol functionality.

In the remainder of this section, first the intedfa will be described and then some
of the design choices in the modules will be exydi

BSV INTERFACES FORTHE  As mentioned before, treeheduler module contains the FIFO's in which the

PORT LEVEL addresses and data for the seperate read andoarigeare stored. The Bluespec
SystemVerilogvector interface class was used to access those FIF@&FIFO’s
are implemented using the FIFO modules that arelata with the Bluespec com-
piler. The FIFOF interface class was used to adtese FIFO’s because that inter-
face has methods for inspecting if the FIFO is dulempty. This resulted in the
following interface:

interface Scheduler_intfc#(type addr_type, type data_type,
type num_a_infifo, type num_a_outfifo);
interface vector#(num_a_infifo, FIFOF#(addr_type))
chai_f1ifo;
interface vector#(num_a_outfifo, FIFOF#(addr_type))
chao_fifo;
interface vector#(num_a_infifo,
FIFO#(Tuple2#(data_type, data_type))) chi_fifo;
interface Vector#(num_a_outfifo,
FIFO#(Tuple2#(data_type, data_type))) cho_fifo;
method Bool notEmpty();
method Actionvalue#(Tuple2#(Bit#(1), addr_type)) get_a(Q;
method Actionvalue#(Tuple2#(data_type, data_type)) get_d(Q;
method Action put_d(Tuple2#(data_type, data_type) d);
method Action next();
method Action switch_datapath();
endinterface

As can be seen in this interface, the FIFO’s feratldresses and data are seperate to
allow for a more effective implementation. Furthers the width of the data

FIFO's is twice the width of a single data item dhédrefore twice the width of the
external memory interface, so that the full date od the external memory interface
can be supported.

External control of is provided by the methods:

e get a, to pop an address value from the selected FIF@r&by an extra bit is
added to indicate if it is a read or a write burst.

e (get_d, to pop a data value from the selected data FIF©ase of a write burst).

Design of a multi-port memory controller in Bluespec System\erilog 9



BSV MODULES FOR THE
PORT LEVEL

DDR2 interface level

e put_d, to push a data value onto the selected data Fit-€ase of a read burst).
¢ next, to indicate to thecheduler module that the next port can be serviced.
e switch_data_path, to indicate to thecheduler module that the data path can be

switched to the port that has to be serviced (Mwethis scheme allows an over-
lap period in which commands are issued belongimane port and data is read
or written belonging to another port).

The interface to the top-level of the multi-portmma@y controller can be described

reasonably compact:

interface Nport_parametric_intfc#(
type addr_type,
type row_addr_type,
type col_addr_type,
type data_type,
type a_inports, // address ports for input
type d_inports, // data input ports
type a_outports, // address ports for output
type d_outports);// data output ports
interface vector#(a_inports,Put#(addr_type)) chai_port;
interface vector#(d_inports,Put#(Tuple2#(data_type,
data_type))) chi_port;
interface vector#(a_outports,Put#(addr_type)) chao_port;
interface vector#(d_outports,Get#(Tuple2#(data_type,
data_type))) cho_port;
interfacebDR2_ext_intfc#(row_addr_type, data_type)
ddr2_intfc;
endinterface

Again, the\ector interface class is used, but nput andget functions are used to

access the address and data FIFO’s, which simgpttiie interface. The
DDR2_ext_intfc contains the seperate methods that correspore texternal mem-
ory signals (identical to the second part of EH2R2_core interface, see page 6).
The main reason to add a level of hierarchy tdritexface was that it allows the
assignment of synthesis pragmas to this sub-irterfa

Most of the functionality is contained in tbeheduler module. It contains the
FIFO’s and the functionality for switching betwettiem. Furthermore, it should
accommodate for an static schedule that can béfiggkat the top-level. As FIFO's
are standard components for the Bluespec compidggr ¢an be instantiated in a
compact manner, e.g. in the case of the addre3's:IF

for (Integer i=0;i<valueof(chai_fifos);i=i+1)
begin
FIFOF#(Bit#(address_width)) chai_port_fifo <-
mkSizedFIFOF(div(chi_port_depth, burst_size));
chai_fifo_vector[i] = chai_port_fifo;
end
for (Integer i=0;i<valueof(chao_fifos);i=i+1)
begin
FIFOF#(Bit#(address_width)) chao_port_fifo <-
mkSizedFIFOF(div(cho_port_depth, burst_size));
chao_f1ifo_vector[i] = chao_port_fifo;
end

10
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DDR2 interface level

Those FIFO'’s can be made accessible to a highel teodule by using transparent
interface assignments, such as:

interface chai_fifo = chai_fifo_vector;

interface chao_fifo = chao_fifo_vector;

The main control methodget_a, get_d, put_d, next andswitch_datapath, are
implemented using registers that contains the numiihe port that is selected and
the methods select the appropriate FIFO’s accolging

A vector of integers is passed to the top-leveahefscheduler module, which indi-
cates the order in which the ports are servicedeWthenext method is called, the
next item in the vector is serviced.

Thenport module instantiates treantroller andscheduling modules and contains a
finite state machine that implements the main abriitr thescheduler module:
Sstmt main_Toop_stmt = seq
while (True) seq
if (sched_if.notEmpty) seq
action
Tuple2#(Bit#(1), Bit#(address_width)) t <-
sched_if.get_aQ);
t_r._write(t);

endaction
if (tpl_1(t_r._read) == 1'b0)
seq
while (!ddr2_ctrl1_if.write_available)
noAction;

ddr2_ctrl1_if.write(tp1_2(t_r));
sched_if.switch_datapath;
for (acc_loop <= 0;acc_Tloop<=fromInteger(
burst_size-1);acc_loop<=acc_loop+l) seq
action
Tuple2#(Bit#(data_width), Bit#(data_width))
d <-sched_if.get_dQ;
ddr2_ctr1_if.inport.put(d);
endaction
endseq
sched_if.next();
endseq
else
seq
while (!ddr2_ctrl_if.read_available)
noAction;
ddr2_ctrl_if.read(tpl_2(t_r));
noAction;
sched_if.switch_datapath;
sched_if.next();
endseq
endseq
endseq
endseq;

In the code shown abovedr2_ctrl_if is the interface to the controller, whereas
sched if is the interface to thecheduler module.

Thenport_parametric module is parametric and therefore cannot be sgizhd. A
fixed toplevel is necessary to make a synthesizatkdule.
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Verification and Synthesis

Verification and Synthesis

This section describes the verification and synishefsthe multi-port memory con-
troller.

VERIFICATION As the Bluespec compiler generates an executabd¢ o verification can be done
using Bluespec System\Verilog. However, for a $ytem verification a behavioral
and timing model for the external memory shouldibed. A Micron Verilog model
for a 1Gbit DDR2 memory was used for this [MicroDR2]. In Figure 5, the verifi-
cation environment is shown.
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FIGURE 5. Verification environment

The Bluespec compiler generates standard Verilog,cahich can be used without
any problem in a Verilog based verification envirent. A standard verification
methodology, e.g. such as described in [Berger@Pean thus be used.

SYNTHESIS The design is synthesized in a TSMC 130 nm teclyyolsing Synopsys Design
Compiler. A straightforward command file was ussele( Appendix A) and the tim-
ing constaint for the main clock was varied fol@ck frequency of 400 MHz to
1000 MHz. In Table the results are shown. A 1.3®dntium Il running RedHat 8
was used for this synthesis experiments.
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Conclusions and recommendations

TABLE 1. Synthesisresults

Constraint Resultingdelay  Resulting area Execution time
2.50 ns (400 MHz) 1.86 ns 441438.5 1010 s
1.67 ns (600 MHz) 1.56 ns 447134.8 1120 s
1.25 ns (800 MHz) 1.05ns 480747.2 1226 s
1.0 ns (1000 MHz)  0.86 ns 490168.4 1258 s

As can be seen in Table 1, the timing requiremeriv¢ able to run at a clock speed
of 400MHz) was met without any problem. Furthermibrmn be seen that the regis-
ter transfer level Verilog generated by the Bluesp@mpiler can be optimized very
well by Design Compiler, so even higher clock freqcies can be obtained at the
expense of more area.

Comparisons with a multi-port memory controllertvenn in RTL Verilog or VHDL
was difficult, because the original design targeted-PGA and especially the FIFO
modules are different. However, preliminary expenits, replacing the FIFO's with
FPGA specific FIFO’s show that the area is withd¥d.of the original design.

Conclusions and recommendations

In this report the design of a multi-port memorytoller was described for the pur-
pose of evaluating the Bluespec SystemVerilog laggwand the Bluespec compiler.
This design was chosen because it contains botheeal aspects and high-level
aspects. Furthermore, a mixed verification envirentrwas used to accomodate for
the Verilog memory model.

The Bluespec SystemVerilog language proved effedtv this design and the
Bluespec compiler fitted very well in the verifin and synthesis flow and the
synthesis result exceeded the timing requiremesnitlaimed by Bluespec, the gen-
erated code was 100% guaranteed synthesizable 83d.and comparable in area
and speed to hand coded RTL. The library containomgplex structures, such as
FIFOs, that increase productivity without compragitig the RTL quality also
proved a considerable benefit.

Rule and rule based interfaces semantics enfonoera formal check on the code,
eliminating conflicts between shared resourcesréfoee the verification does not
have to check for data path multiplexing errordu@ng verification time.

The BSV simulator proved very fast, and it also features not used in this evalua-
tion, such as cosimulation with Verilog, VHDL angsg&emC, making it very easy to
integrate in any design flow.

One of the main advantages of Bluespec Systemgeislthat the resulting design
can be changed with less effort than a correspgridirL design in Verilog or
VHDL, resulting in re-use of components and a lgrgefolio of Intellectual Prop-
erty that can be used in a “plug-and-play” likehfias. During the design it is not
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References

necessary to commit to a fixed micro-architectiirean easily be changed allowing
the designer to experiment and choose the besibp®ssicro-architecture.

The Bluespec methodology is quite different from ttraditional RTL methodology,
therefore the introduction training proved invdlleafor this evaluation and also
during the evaluation the support from the techrataf at Bluespec was very effec-
tive.

The complete code is available on request [NpoN]BS
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Appendix A compile.tcl

Appendix A compile.tcl

set target_library [Tist tsmcl3_fast.db ]

set synthetic_library [list standard.s1db ]

set Tink_library [concat "*" $target_Tlibrary $synthetic_librar
y 1]

read_verilog SizedFIFO.v
read_verilog FIFOl.v

read_verilog FIFO2.v

read_verilog nport.v
#set_fpga_target_device 2v1000FF896

create_clock CLK -period 1.00

uniquify

compile

write -format verilog -hier -out nport_gt.v
report_timing

report_area
exit
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