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Dynamic Partial Reconfiguration (DPR) on Field Programmable Gate Arrays (FPGAs) allows
reconfiguration of some of the logic at runtime while the rest of the logic keeps operating. This
feature allows the designers to build complex systems such as Software-Defined Radio (SDR) in
a reasonable area. New issues can arise due to usage of DPR technique such as guaranteeing
proper connections for the ports of the Reconfigurable Modules (RMs) which share the same
Reconfigurable Region (RR) on the FPGA, waiting for running computations on a module
before reconfiguring it, isolation of the reconfigurable modules during the reconfiguration pro-
cess, and initialization of the reconfigurable module after the reconfiguration process is done.
Also, the Clock Domain Crossing (CDC) verification of the dynamically reconfigurable systems
is a complicated task due to the need to verify all the modes of the designs, and the lack of
Computer Aided Design (CAD) tools support for DRS designs. This paper summarizes our
previous work to address these verification challenges for DPR. The approaches are demon-
strated on a SDR system to show the effectiveness of applying these approaches in the design
cycle.
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1. Introduction and Background

Dynamic Partial Reconfiguration (DPR) on Field Programmable Gate Arrays
(FPGAs) allows reconfiguration of some of the logic at runtime while the rest of the
logic keeps operating. It allows the implementation of complex circuits as Software
Defined Radio (SDR) and Internet of Things (loT) applications within a reasonable
area on the FPGA. Such category of designs are called Dynamically Reconfigurable
Systems (DRS). Currently, Xilinx and Intel (Altera) are the main FPGA device
vendors on the market. They provide a series of FPGA families that support the
DPR design flow. In this paper, the Xilinx DPR design flow' is considered.

In DPR, the design consists of a number of Reconfigurable Modules (RMs), each
module has modes that are changed during run time according to the system oper-
ating modes. A Reconfigurable Region (RR) is a location on the FPGA in which the
reconfigurable module is implemented. An example for DPR system is shown in
Fig. 1, it has five configuration modes: Configl, Config2, Config3, Configd and
Configh. Each configuration has four reconfigurable modules: ModuleA, ModuleB,
ModuleC and ModuleD, each with four modes: Model, Mode2, Mode3 and Mode4.
DRS designs extend the design flexibility through mapping of multiple reconfigur-
able modules to the same physical reconfigurable region, which reduces the design
cost and the resources usage. In the example of Fig. 1, it will have four RRs on the
FPGA, each RR is used for a unique RM. The RR can be configured by an RM mode
according to the configuration mode of the DRS design. In the configuration mode
Configl, the first RR will be loaded by the RM mode (ModuleA_Model), the second
RR will be loaded by the RM mode (ModuleB_Model) and so on.

Utilizing DPR technique for FPGA designs adds a new dimension in the design
and verification of FPGA designs. For Xilinx FPGAs, one of the basic requirements
of a partially reconfigurable design is consistency between RMs.! As one module is

Configl ModuleA_Model ModuleB_Model ModuleC_Model ModuleD_Model

Config2 | ModuleA_Mode2 ModuleB_Mode2 ModuleC_Mode2 ModuleD_Mode2

Config3 ModuleA_Mode3 ModuleB_Mode3 ModuleC_Mode3 ModuleD_Mode3
: |

Config4 ModuleA_Mode4 ModuleB_Mode4 ModuleC_Mode4 ModuleD_Mode4

Config5 ModuleA_Model ModuleB_Mode2 ModuleC_Mode3 ModuleD_Mode4

Fig. 1. An example of DPR design with three modes of configuration and one reconfigurable module per

mode.
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swapped for another, the connections between the static design and the RM must be
identical. Such requirement adds an extra work on the designer to create a wrapper
module to encapsulate all the modes of the RM, and to have a fixed interface between
the static design and the RM. This interface must work for all the modes of the RM,
the process of connecting the interface to different modes of the RM is an error prone
task and should be verified on the Register Transfer Level (RTL) before moving to
the implementation of the design on the FPGA. The detection of such connectivity
issues is challenging, especially, in the early design stages of the DRS. If such errors
are not tackled and verified early in the design cycle, they may cause functional
errors during on-chip verification which are hard to debug.

For using DPR technique for FPGA designs, the designers must add extra logic in
their DPR designs for (1) isolating the RM during the reconfiguration process, (2)
initializing the RM after the reconfiguration process is done, and (3) delaying re-
configuration requests till the computations done by the RM is completed. The
added logic for these tasks should be verified on the RTL to make sure it is working as
expected, and any bugs are caught as early as possible in the design cycle. This paper
summarizes our previous work? for verifying the extra added logic for DPR using
Assertion-Based Verification (ABV).*™

Most complex recent designs have more than one clock, and many of these clocks
are asynchronous. For these designs, the logic clocked by each asynchronous clock
forms the clock domain for the clock. Problems arise from signals that connect logic
in different clock domains. Signals that cross clock domain boundaries must be
properly synchronized, and they must obey all relevant transfer protocols. If any
CDC signal does not hold steady during the setup and hold time of its receiving
register, then the register can become metastable, and its output can settle at ran-
dom to a value that is different from the RTL simulated value, an example is shown
in Fig. 2. Such metastability issues can cause functional errors in the design.

CDC verification® of DRS designs is a complicated task due to the need of veri-
fying every operating mode of the design to make sure no metastability issues can
occur in the design. Currently, there are no Computer Aided Design (CAD) tools
that support the CDC verification of DRS. As example in Fig. 1 designers should
verify all the configuration modes of the design, to make sure any CDC signals
between adjacent modules are properly synchronized. If CDC errors are not verified
and tackled early in the design cycle, they may cause functional errors later during

setup and hold time

clk
55— —d
DFF s /
clk— - [ e ——
2 q A P

Fig. 2. Example for a metastability issue caused by CDC signal.
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operation of the design or runtime verification which may cause re-spin for the design
which consequently delay the delivery of the design.

This paper summarizes our research into the functional verification of the DPR
technique. The addressed verification challenges are (1) guaranteeing proper con-
nections for the ports of the Reconfigurable Modules (RMs) which share the same RR
on the FPGA, (2) verification of the extra logic added in the design for DPR using
ABYV and (3) CDC verification for DRS. The approaches are applied on SDR design
from literature to show the effectiveness of integrating these approaches in the design
and verification cycle for DRS.

This paper is organized as follows. Section 2 presents the related work for veri-
fication of DPR, and Sec. 3 presents the proposed verification methodology for
verification of the port connections of the RMs. Section 4 summarizes our previous
work for verification of the extra added DPR. Section 5 presents the CDC verifica-
tion methodology for DRS. Section 6 demonstrates a case study for applying the
proposed verification methodologies. Finally, Sec. 7 draws the paper’s conclusion.

2. Related Work

Several works have proposed frameworks to help in functional verification of DRS.
The Dynamic Circuit Switch (DCS) method” adds artifacts for simulation purposes
only to mimic the behavior of reconfiguration activities such as module swapping and
undefined state of the RM after reconfiguration. ReChannel® '’ is an open source
SystemC library which models DPR. ReChannel adds new SystemC classes to mimic
reconfiguration operations such as module swapping. The extension of ReChannel'’
proposed new classes to monitor and verify the reconfiguration details at behavioral,
Transaction Level Modeling (TLM) and RTL levels. To use ReChannel, designers
should be aware of using SystemC for modeling and verification of digital designs,
and extra efforts are needed to setup the simulation environment on the behavioral
level, TLM level, and RTL.

ReSim!! is system verilog library built on the Open Verification Methodology
(OVM) which uses a simulation-only bitstreams to hide the physically-dependent
details of DPR designs. It models the bitstream traffic and the reconfiguration
process of DPR. It supports the cycle-accurate RTL simulation of the DRS design
immediately before, during and after the reconfiguration. So, it can detect functional
bugs that were missed by DCS, ReChannel and OSSS + R. Setting up the design to
use the ReSim setup needs extra effort by the designer. The ReSim library is ex-
tended'? to support state saving and restoration of the RMs.

The existing works in literature have the following disadvantages and limitations:

e They model the DPR activities using simulation-only artifacts (i.e., non-synthe-
sizable models), so they can’t be used with formal verification methods. The
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testbenches used for testing the design should thoroughly cover all the corner cases
which is impractical in some cases.

o Extra effort is needed to setup the verification environment as SystemC modeling
or OVM environment setup.

e When an error is caught, extra effort is needed to debug the error and pinpoint the
root cause of the issue, it can be related to non-DPR logic.

e There are more advanced verification topics that are not still addressed for DRS
designs such as CDC verification, reset verification, power-aware verification,
formal verification and runtime verification.

A SystemC-based design methodology (OSSS + R)'® was proposed to automate the
modeling, synthesis, and simulation of DRS designs. It automatically generates
synthesizable code for the reconfiguration controller to manage the module swapping
of RMs. But, it uses only pre-defined reconfiguration control mechanism, so it cannot
handle all styles of DPR designs.

3. Verification of Ports Connections of Reconfigurable Modules
for Dynamic Partial Reconfiguration

The first step for creating a DRS is to identify the static logic (i.e., logic that is always
active in all the operating modes of the design) and the reconfigurable logic (i.e., the
logic that can change from one operating mode to another) in the design. For Xilinx
DPR flow,' the interface of a reconfigurable module should be consistent across all its
modes, such requirements add an extra step in the design flow to create an RTL
wrapper for each RM to encapsulate all its modes. Issues appear in this step when
there is a mismatch in the number of ports between different modes of the RM, the
RTL wrapper of that RM will have number of ports equal to the maximum number
of ports in all the modes of the RM, in that case, the designer should take care when
connecting the ports for each mode of the RM to not affect the functionality of the
circuit.

An example for the design modifications needed for adopting the DPR, technique
is shown in Fig. 3. In this example, there is a design with two operating modes, the
design has two modules: (1) shift_reg module which is a static module (i.e., existing in
all the operating modes of the design) and (2) accum module which is a reconfi-
gurable module and has two modes (accuml and accum2). The number of ports of
the modes of the reconfigurable module (accum) is different. The example as well
shows the modified RTL after creating the RTL wrapper for the reconfigurable
module, if the port in 3 is used in the first mode of the RR ‘RR_model.v’, then the
design functionality will be altered. Such modifications in the RTL should be verified
before moving to implementing the design on the FPGA. The modification for the
interfaces of the RMs is an error prone task especially for large designs which have a
large number of ports for the modes of the RMs and mismatch in the sizes of these
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Original RTL
Files

designl.v

Extracting
Design Info

Generating Modified
RTL for DPR

design.v

module design (input in1, clk1, output out1);
wire regl, reg2, reg3;
shift_reg SR1(in1, clk1, regl, reg2, reg3);
accum1 ACl(regl, reg2, outl);
endmodule
module shift_reg (input in1, clk1, output reg outl, out2, out3);
always @(posedge clk1) begin
outl<=inl;
out2 <= outl;
out3 <= out2;
end
endmodule
module accum1 (input in1, in2, output outd);
assign outl=inl+in2;
endmodule

design2.v

Static Logic:
shift_reg module
Reconfigurable Logic:
accuml module
accum2 module
Number of needed RMs:
Only one to switch
between accuml &
accum2
Number of modes for RM:
Two modes one for
accuml and the other
for accum2

module design_dpr (input in1, clk1, output out1);
wire regl, reg2, reg3;
shift_reg SR1(in1, clk1, regl, reg2, reg3);
RR1RR1_inst (regl, reg2, reg3, outl);
endmodule
module shift_reg (input in, clk1, output reg out1, out2, out3);
always @(posedge clk1) begin
outl<=inl;
out2 <= outl;
out3 <= out2;
end
endmodule

RR_model.v

module design (input in1, clk1, output out1);
wire regl, reg2, reg3;
shift_reg SR1(in1, clk1, regd, reg2, reg3);
accum1 ACl(regl, reg2, reg3, outl);
endmodule
module shift_reg (input in1, clk1, output reg outl, out2, out3);
always @(posedge clk1) begin
outl<=inl;
out2 <= outl;
out3 <= out2;
end
endmodule
module accum2 (input in1, in2, in3, output out1);
assign outl=inl +in2 +in3;
endmodule

module RR1 (input in1, in2, in3, output out1);
// Note: in3 port is not used in this mode
accum1 AC1(.in1(in1), .in2(in2), .out1(out1));

endmodule

module accum (input in1, in2, output outl);
assign outl =inl+in2;

endmodule

RR_mode2.v

module RR1 (input in1, in2, in3, output out1);
// Note: in3 port is used in this mode
accum2 AC2(.in1(in1), .in2(in2), .in3(in3), .outl(out1));
endmodule
module accum2 (input in1, in2, in3, output out1);
assign outl =inl +in2 +in3;
endmodule

Fig. 3. Design modifications in the RTL files for DPR.

modules like the SDR case. In this paper, the connectivity verification approac

is used to verify the changes in the interfaces of the reconfigurable modules.

L1819

The verification flow is shown in Fig. 4. After the RTL files are compiled and the
design is synthesized, the netlist of the design is traversed using netlist access Ap-
plication Programming Interfaces (APIs) to extract the connections of the reconfi-
gurable modules from the original design, the output of this step is a Comma
Separated Values (CSV) file that lists the hierarchical paths of the RM ports and
their connections. In this paper, the netlist access APIs provided by Questa tools'?
are used. Our SVA property generator takes the CSV file and write an assertion for
every source and destination pair. The following SV A property is generated for every
source and destination pair to verify their connection:

property connect_pair (clock, source, destination);
@(posedge clock) disable iff (~(‘RMMODEENABLE))
(source==destination );
endproperty

where RM_MODE_ENABLE is a macro that can be set by the designer such that
when its logic value is 1, it indicates a specific RM mode is active. This macro is
different from one RM mode to another because only one RM mode can be active at a
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RM
Original RTL HDL Parser Synthesizer Connections
Files Extractor

Embedding the RR
Name in the Signals
Hierarchical Path

SVA Generator for
Modified the RR

RTL Files RTL 5"8:"3“0“ Connections

Formal Verification

Fix the
Modified
RTL

Connections
Verified?

Fig. 4. Verification flow to verify the connections of the RMs.

time. For each RM mode, there will be a separate CSV file to test its connections, and
consequently unique set of assertions. The assertions generated for each mode can be
verified using RTL simulation or formal verification.

4. Verification of Dynamic Partial Reconfiguration Logic Using
Assertion-Based Verification

The typical structure of designs that utilize DPR is shown in Fig. 5, the Internal
Configuration Access Port (ICAP)' is used to read or write to the FPGA

o
5]
o
=} —
=} @
& s
)
[
3 g 1/0
S
1/Os > = > S o /

2 )
| B
o
c

Reset o

Reconfiguration
Requests
I Reset control Logic
ICAP Bus
A 4 v

ICAP s ~
Controller | ~ 7 ICAP

Fig. 5. Typical structure of a design that utilizes DPR.
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configuration memory. A controller is needed for the ICAP to handle the reconfig-
uration requests and monitor its status. The output port of the ICAP can be used to
monitor its status. The yellow blocks in Fig. 5 are added by the designer to have a
correct operation for the design during and after the reconfiguration process." Our
verification approach is to model the functionality of the DPR logic using SVA'
properties, then verify these properties on the design using formal or simulation
methods.

4.1. Isolation logic

During the reconfiguration process of the RM, the values of newly downloaded bit-
stream may drive incorrect values to the static logic side, so designers add isolation
logic for all the ports of the RM to prevent the propagation of the data from the RM
to the static logic during the reconfiguration process. The typical structure of designs
that utilize DPR is shown in Fig. 5, the ICAP is used to read or write to the FPGA
configuration memory. A controller is needed for the ICAP to handle the reconfig-
uration requests, to handle the control of the ICAP and monitor its status. The
output port of the ICAP can be used to monitor its status. The yellow blocks in Fig. 5
are added by the designer to have a correct operation for the design during and after
the reconfiguration process. For the isolation logic, it is verified using the following
SVA property for every output port of the RM:

property verify_isol(clock, source, destination , ICAP.BUSY);
@Q(posedge clock)

(($changed (source) && ICAP_BUSY) |=> $stable(destination));
endproperty

where the source signal is an output port of the RM, the destination signal is the
register driven by the output port on the static side, and the ICAP_BUSY is the
signal which indicates that there is a reconfiguration process in progress.

4.2. Reset control logic for the RM

After the reconfiguration process is done, the sequential elements of the RM should
be reset to guarantee proper operation of the circuit. If the RM is not reset after
reconfiguration, the state of sequential elements will be undefined and may be af-
fected by erroneous values from the previous RMs that share the same physical area
on the FPGA. The reset control logic is verified using the following SVA property:

property verify_reset (clock, RM_reset, ICAP.BUSY);
@(posedge clock)

($fall (ICAP.BUSY) |—> S$rose(RM_reset));
endproperty

where RM _reset is the reset signal of the RM, and the ICAP_BUSY is the signal
which indicates that there is a reconfiguration process in progress. The assertion

2150042-8



Functional Verification of Dynamic Partial Reconfiguration for SDR

property implies that when the ICAP_BUSY is changed from logic value 1 to 0 (i.e.,
the reconfiguration through ICAP is done), then the reset signal of the RM should be
asserted to reset all the sequential elements of the RM.

4.3. Synchronizing the reconfiguration process

When a computation is being done in the RM, the designers want to block any
reconfiguration request until such computation is done. Such mechanism is required
in applications like SDR, when a packet is being processed for WiFi standard as
example, it should be processed completely before switching to any other standard
like 3G or 4G. The synchronization of the reconfiguration requests is verified using
the following SV A property:

property verify_sync (clock, RM_busy, ICAP.GO);
@(posedge clock)

($rose (ICAP.GO) until $fall (RM-_busy));
endproperty

where RM_busy is the signal which indicates that a computation is being done by the
RM, and ICAP_GO is the control signal which tells the ICAP to start a new
reconfiguration process. For some applications, it is not needed to check such
synchronization, as it is acceptable to flush the data of the RM.

5. Proposed CDC Verification Flow for DRS Designs

The proposed CDC Verification flow is shown in Fig. 6. A Perl utility is implemented
to automate the flow. The inputs for the utility are as follows: (1) RTL files of RMs
modes, (2) RTL wrapper for DRS design and (3) CSV file to define the configuration
modes of the design. In a typical DPR design flow, the RTL files of the RMs modes
and the wrapper of the DRS design should be provided by the designer, so there is no
extra effort needed for creation of these files to use the proposed CDC verification
flow. The following is an example for Verilog RTL code which defines two modes of
the RM (ModuleA) in Fig. 1:

module ModuleA_model (input wire inl, in2, a_.rst, clkl,
output reg outl);
always Q(posedge clkl, posedge a_rst) begin
if (arst) outl <= 1’b0;

else outl <= inl | in2;
end
endmodule
module ModuleA_mode2 (input wire inl, in2, a_rst, clkl,

output reg outl);
always Q(posedge clkl, posedge a_rst) begin
if (arst) outl <= 1’b0;
else outl <= inl & in2;
end
endmodule

2150042-9
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RTL CsV file for
RTL files Wrapper for design
for RMs DRS design configuration
\ |
3

Step1: Sanity Check for
interfaces of RM modes
J
Step2: Generate RTL file
for configuration mode,

Step3: Generate CDC run
script for configuration

mode, No

Ste;.:4: Run CDF analysls All modes

script for configuration ——— <
processed?
mode;and save result
Yes
Step5: Generate a report
for CDC results of DRS

design

Fig. 6. Proposed CDC verification flow.

The following Verilog RTL mode shows an example for the wrapper of the DPR
design example in Fig. 1:

module RR1(input wire inl, in2, a_rst, clkl, output outl);
// Empty
// In each operating mode:
// A mode for ModuleA will be instantiated here
endmodule
module RR2(input wire inl, in2, a_rst, clkl, output outl);
// Empty
// In each operating mode:
// A mode for ModuleB will be instantiated here
endmodule
module RR3(input wire inl, in2, a_rst, clkl, output outl);
// Empty
// In each operating mode:
// A mode for ModuleC will be instantiated here
endmodule
module RR4(input wire inl, in2, a_rst, clkl, output outl);
/) Bmpty
// In each operating mode:
// A mode for ModuleD will be instantiated here
endmodule
module DRS1 (input wire inl, in2, in3, in4, in5,
a_rst, clkl, clk2, output wire outl);

wire A_outl, B_outl, C_outl, D_outl;

RR1 ModuleA_inst (inl, in2, a-rst, clkl, A_outl);

RR2 ModuleB_inst (in3, A_outl, clkl, B_outl);

RR3 ModuleC_inst (in4, B_outl, clk2, C_outl);

RR4 ModuleD_inst (in5, C_outl, clk2, D_outl);

assign outl = D_outl;
endmodule

The CSV file is needed to define the configuration modes of the design, so that the
utility can know how many RRs in the design and what are the RMs mapped to a
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specific RR. The words RR, RM and ConfigMode are reserved words, they are used
to define a RR, RM and a configuration mode for the DRS design, respectively. The
following CSV file is an example for the DPR design, in Fig. 1:

RR,RR1

RR,RR2

RR, RR3

RR,RR4

RM, ModuleA , { ModuleA_Model , ModuleA_Mod2 , ModuleA_Mode3 , ModuleA_Mode4 }

RM, ModuleB , { ModuleB_Model , ModuleB_Mod2 , ModuleB_Mode3 , ModuleB_Mode4 }

RM, ModuleC, { ModuleC_Model , ModuleC_-Mod2 , ModuleC_Mode3 , ModuleC_Mode4 }

RM, ModuleD , { ModuleD_Model , ModuleD_Mod2 , ModuleD_Mode3 , ModuleD_Mode4 }

ConfigMode , Configl ,{{RR1, ModuleA_Model } ,{RR2, ModuleB_Model } ,{RR3,
ModuleC_Model } ,{RR4, ModuleD_Model } }

10 | ConfigMode, Config2 ,{{RR1, ModuleA_Mode2} ,{RR2, ModuleB_-Mode2} ,{RR3,

ModuleC_Mode2 } ,{RR4, ModuleD_Mode2}}

11 | ConfigMode, Config3 ,{{RR1, ModuleA_Mode3},{RR2, ModuleB_-Mode3} ,{RR3,

ModuleC_Mode3 } ,{RR4, ModuleD_Mode2}}

12 | ConfigMode, Config4 ,{{RR1, ModuleA_Mode4} ,{RR2, ModuleB_Mode4 } ,{RR3,

ModuleC_Mode4 } ,{ RR4, ModuleD_Mode4 } }

13 | ConfigMode, Configh ,{{RR1, ModuleA_Model} ,{RR2, ModuleB_Mode2} ,{RR3,

ModuleC_Mode3 } ,{RR4, ModuleD_Mode4 } }

OO0~ Uk WN -

The first step performed by the utility is a sanity check for the interfaces of the
modes of the same RM, for DPR flow, it is required to have the same number of ports
for the RM modes. The sizes and names of these ports should be the same across the
modes of the same RM. For Xilinx' tools, if this requirement is violated, the im-
plementation of the DPR flow will fail in the place and route step, which is late in the
design cycle. In our Perl utility, the sanity check for interfaces is done to catch any
errors as early as possible.

The second step is to pick one configuration mode of the DRS design and generate
an RTL file for this mode. The following is an example for the generated Verilog RTL
file for configuration mode (Configl) in the DPR example in Fig. 1:

module RR1(input wire inl, in2, a_rst, clkl, output outl);
ModuleA_model ModA_1_inst (inl, in2, a.rst, clkl ,outl);
endmodule

module RR2(input wire inl, in2, a_rst, clkl, output outl);
ModuleB_model ModB_1_inst(inl, in2, a_rst, clkl, outl);
endmodule

module RR3(input wire inl, in2, a_rst, clkl, output outl);
ModuleC_model ModC_1_inst(inl, in2, a_rst, clkl,6outl);
endmodule

module RR4(input wire inl, in2, a_rst, clkl, output outl);
ModuleD_model ModD_1_inst(inl, in2, a_-rst, clkl, 6 outl);
endmodule

module DRS1 (input wire inl, in2, in3, in4, in5, a_rst, clkl, clk2, output
wire outl);
wire A_outl, B_outl, C_outl, D_outl;
RR1 ModuleA_inst (inl, in2, a.rst, clkl, A_outl);
RR2 ModuleB_inst (in3, A_outl, clkl, B_outl);
RR3 ModuleC_inst (in4, B_outl, clk2, C_outl);
RR4 ModuleD_inst (in5, C_outl, clk2, D_outl);
assign outl = D_outl;
endmodule

2150042-11
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The third step is to generate the CDC analysis run script, the generated script is
written to be run by Questa® CDC tool from Mentor Graphics to perform the CDC
analysis on the design. The implemented Perl utility performs some heuristics based
on the port names of the DRS design to constrain the design, as example, it defines
the ports match (clk) regular expression as clocks. Similarly, it defines the ports that
match (rst) regular expression as resets, and defines scan enable and test signals as
constants. The following is an example for the generated script to run CDC analysis
on configuration mode (Configl) in the DPR example in Fig. 1.

onerror {exit 1}

## Compile the Verilog RTL file generated from Step2
vlib work
vlog RTL_Configl.v

## Constrain the design

netlist clock clkl

netlist clock clk2

netlist reset —async —posedge a_rst

## Put the results in a separate directory
configure output directory Configl_Results

## Run CDC analysis
cdec run d DRSI1

exit 0

The fourth step is to run CDC analysis using Questa® CDC tool, and save the
results. The Perl utility then repeats the first four steps for all the configuration
modes of the design. The fifth step is to generate a report for the CDC analysis of
DRS design. The following is a sample of the output report for the DRS in Fig. 1:

CDC Results for Mode: Configl

A) Synchronized CDC Paths:
<None>
B) Un-synchronized CDC Paths:
1) From ’'ModuleB_inst.ModB_1_inst.outl’ (clkl)
To ’ModuleC_inst. ModC_1_inst.outl’ (clk2)

6. Case Study

The verification approaches presented in this paper for verification of DPR is applied
on an SDR chain.'®!” The SDR test case has four reconfigurable modules: (1) con-
volutional encoder, (2) modulator, (3) Discrete Fourier Transform (DFT), and (4)
Inverse Fast Fourier Transform (IFFT). Table 1 shows the number of modes per
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Table 1. Number of modes per each RM of
the design under test.

Block Number of modes
Convolutional encoder 4
Modulator 3
DFT 2
IFFT 3

WIFL 1/2

Filler

Filler 256-Point
64-Point 64-Point
Input from : : : : Output to
T g next stages
previous stages Channel DFT IFFT
1 ——» Modulation » . . —>
Coding M-Point N-Point
. . . 16
Fig. 7. Block diagram of the design under test.'®
Encoder Modulator DFT IFFT
D_ ] 2-bits N tovits | o tovits |
convo_in  mod_in in_re in re
X L l— in | in | g
convo_out mod_out_re i dft_out_re Jl!)b_ ifft_out_re — outre >
-bits -bits
valid_in valid_in dft_in_im ifft_in im
- - I o o 16-b
valid_out mod_out_im dft_out_im —,_ ifft_out_im L out_im >
@— clk reset ,— valid_in ’— valid_in
valid_out vald_out valid_out valid_out >
[reset > reset ’/ clic ’7 clk ’7 clic
k2 >
. . . 16
Fig. 8. Schematic of the design under test.™”

each block. The block diagram and the schematic of the designs are shown in Figs. 7
and 8, respectively.

6.1. Verification of ports connections of the RMs and the DPR logic

The port connections are verified using SVA properties as explained in Sec. 3. The
port connections should be verified for every mode of each RM, the number of
assertions generated for verifying port connections is proportional to the number of
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source destination

LTE_top.convo_in LTE_top.xlxi_l.convo_in
LTE_top.clk LTE_top.xlxi_1.clk
LTE_top.reset LTE_top.xlxi_l.convo_reset
LTE top.convo_valid_in LTE top.xlxi_l.convo_valid_in
LTE_top.xlxi_l.convo_out LTE_top.xlxn_18
LTE_top.xlxi_l.convo_wvalid_outLTE_top.xlxn_17

Fig. 9. CSV file extracted for connections of the first mode of the convolutional encoder block.

connect_pair_0: assert property(connect_pair(LTE_top.clk, LTE_top.convo_in,LTE_top.xIxi_1.convo_in));
connect_pair_1: assert property(connect_pair(LTE_top.clk, LTE_top.clk,LTE tnp XIxi_1. clk));

connect_pair_2: assert property(connect_pair(LTE_top.clk, LTE_top.reset, LTE_top.xIxi_l.convo_reset));
connect_pair_3: assert property(connect_pair(LTE_top.clk, LTE_top.convo_valid_in,LTE_top.xIxi_1.convo_valid_in));
connect_pair_4: assert property(connect_pair(LTE_top.clk, LTE_top.x]Ixi_1.convo_out,LTE_top.xIxn_18));
connect_pair_5: assert property(connect_pair(LTE_top.dlk, LTE_top.xIxi_1.convo val1¢uut LTE_top. x'lxn_l?))

Fig. 10. Assertions generated for connections of the first mode of the convolutional encoder block.

¥ Name Time
@ mem checkers_inst.connect pair 0 2s
@ mem checkers_inst.connect_pair_1 2s
@ mrem checkers_inst.connect _pair_2 25
@ mrem checkers_inst.connect pair_3 25
@ mem checkers_inst.connect_pair_4 2s
@ mem checkers_inst.connect pair 5 2s

Fig. 11. Results of Questa Formal tool for the assertions generated for connections of the first mode of the
convolutional encode block, all assertions are proven.

modes and the number of ports for each mode. The SVA properties are run on the
DPR design using Questa Formal tool.'* Figure 9 shows an example for the CSV file
extracted for the first mode of the convolutional encoder RM. Figure 10 shows
example for the generated assertions to verify the port connections in the CSV file of
Fig. 9, and Fig. 11 shows the results of Questa Formal tool in which all the assertion
properties are proven.

Table 2 shows the number of ports for every RM, and Table 3 shows the number
of assertions generated for verification of port connections, isolation logic, reset
control logic, and the synchronization logic.

The number of assertions for the isolation logic equals to the number of output
ports for all the RMs, the number of assertions for the reset control logic equals to the
number of RMs as each RM will have its own reset control logic, and only one
assertion is generated to test the synchronization logic of the DPR controller.
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Table 2. Ports information for RMs of the design under test.

Block Total no. of ports  No. of output ports
Convolutional encoder 6 2
Modulator 7 3
DFT 7 3
IFFT 7 3

Table 3. Generated assertions for DPR verification.

Goal Number of assertions
Port connections 6%4 + 7*3 4+ 7*2 + 7*3 =80
Isolation logic for output ports 11

Reset control logic 1*4
Synchronization logic 1

Total 96

All the assertion properties of the port connections are proven by the Questa
Formal tool. But, the Questa PropCheck tool reports firings when applying the
assertions for isolation logic, reset control logic and synchronization logic, the
following three bugs were identified in the design under test:

(1) The output ports of the RMs were not isolated during the reconfiguration
process. This should be fixed in the design such that the output ports of the
RMs are totally isolated from the static logic during the reconfiguration process
to avoid the propagation of any erroneous values from the RMs to the static
logic.

(2) The reset signals of the RMs were not activated right after the completion of the
reconfiguration process. This should be fixed in the design such that the reset
signals should be asserted after the reconfiguration to put the RM in a defined
initial state before operation.

(3) The DPR controller was not handling the case in which a new reconfiguration
request is received when the RM is still processing data.

6.2. CDC verification of the DRS

In this section, the value of using our CDC verification flow is demonstrated. The
design has two clocks, the first clock (clk) is used for the channel encoder, while the
other clock (clk2) is used for the rest of the blocks. It also has one asynchronous reset
signal (reset).

The design has 12 operating modes, to perform the CDC verification using the
proposed Perl utility, the following CSV is provided to the utility for the configuration
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modes of the design with the RTL files of the reconfigurable modules as explained
in Sec. 3:

1 RR, encoder

2 | RR,modulator

3 | RR,dft

4 | RR,ifft

5 | RM,conv_enc ,{enc_3G_half ,enc_3G_third,enc_WIFI_half,enc_4G_third}

6 | RM,modulator ,{bpsk,qpsk,qam_16}

7 | RM,dft ,{dft_64_point ,filler_mod}

8 RM,ifft ,{ifft_64,ifft_256,filler_mod}

9 | ConfigMode ,Configl ,{{encoder,enc_3G_half},{modulator ,bpsk},{dft,filler_mod
},{ifft,filler_modl}}

10 | ConfigMode ,Config2 ,{{encoder ,enc_3G_half},{modulator ,qpsk},{dft,filler_mod
},{ifft,filler_modl}}

11 | ConfigMode ,Config3 ,{{encoder,enc_3G_half},{modulator ,qam_16},{dft,filler_mod

},{ifft,filler_modl}}

12 | ConfigMode ,Config4 ,{{encoder ,enc_3G_third},{modulator ,bpsk},{dft,filler_mod
},{ifft,filler_mod}}

13 | ConfigMode ,Configh ,{{encoder,enc_3G_third},{modulator,qpsk},{dft,filler_mod
},{ifft,filler_modl}}

14 | ConfigMode ,Configé ,{{encoder ,enc_3G_third},{modulator ,qam_16},{dft,
filler_mod},{ifft,filler_mod}}

15 | ConfigMode ,Config7 ,{{encoder,enc_WIFI_half},{modulator ,bpsk},{dft,filler_mod
},{ifft,filler_modl}}

16 | ConfigMode ,Config8 ,{{encoder ,enc_WIFI_half},{modulator,qpsk},{dft,filler_mod
},{ifft,filler_modl}}

17 | ConfigMode ,Config9 ,{{encoder ,enc_WIFI_half},{modulator,qam_16},{dft,
filler_mod},{ifft,filler_mod}}

18 | ConfigMode ,Configl0 ,{{encoder,enc_4G_third},{modulator ,bpsk},{dft,dft_643},{
ifft,ifft_2656}}

19 | ConfigMode ,Configll ,{{encoder,enc_4G_third},{modulator ,qpsk},{dft,dft_64},{
ifft,ifft_256}%}

20 | ConfigMode ,Configl2 ,{{encoder,enc_4G_third},{modulator ,qam_16},{dft,dft_64
},{ifft,ifft_256}}

The Perl utility generates RTL design for every mode and a script to run Questa®
CDC tool for CDC verification, the tool then generates a report for the CDC results
for all the runs of the modes of the design.

Using our CDC verification flow, two CDC errors have been identified in all the 12
modes of the design that may cause functional errors during the operation of the
system. The first error is found for the signals that are generated in clock domain of
(clk) inside the convolutional encoder block and sampled in clock domain of (clk2)
inside the modulator block, the modulator block designs were missing synchronizing
these CDC signals to clock domain of (clk2) which may cause metastability issues for
the registers in the modulator block.

The second error shows up due to the usage of an asynchronous reset signal
(reset). The asynchronous reset signal was used without being synchronized to the
clock domains of (clk) and (clk2). This may cause metastability issues for the reg-
isters in the design, because an asynchronous reset signal will be de-asserted asyn-
chronous to the clock signal of the register, so it may violate the reset recovery time
requirement for the register. Recovery time is the minimum required time to the next
active clock edge after the reset is released. The Questa® CDC results for one of the
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¥| severity Check «|TX Signal RX Signal TX Cleck  |RX Clock
|~/ Violation (16)
- Violation single-bit signal does not have proper synchronizer encoder.conve_valid_out modulater.ff.q_tmp clk clk2
- A Viclation Multiple-bit signal across cleck domain boundary enceder.convo_out modulator.p2s.din_s clk clk2
) Em Violation Asynchronous reset does not have proper synchronization {14)
= I Violation Asynchronous reset does not have proper synchronization reset (14)
B Violation  Asynchronous reset does not have proper synchronization reset encoder.a Async clk
T Violation  Asynchronous reset does not have proper synchronization reset encoder.b Async clk
- Viclation  Asynchroneus reset does not have proper synchrenization reset encoder.c Async clk
W Violation  Asynchronous reset does not have proper synchronization reset encoder.convo_out Async clk
- Violation  Asynchronous reset does not have proper synchronization reset encoder.convo_valid_out Async clk
B Violation  Asynchronous reset does not have proper synchronization reset encoder.d Async clk
AR Violation  Asynchronous reset does not have proper synchronization reset encoder.e Async clk
- Violation  Asynchronous reset does not have proper synchrenization reset encoder.f Async clk
W Violation  Asynchronous reset does not have proper synchronization reset modulator.bpsk.mod_out_im  Async clk2
WM Violation  Asynchronous reset does not have proper synchronization reset modulator.bpsk.mod_out_re  Async clk2
- Viclation  Asynchroneus reset does not have proper synchrenization reset modulator.bpsk.mod_valid_out Async clk2
AR Violation  Asynchronous reset does not have proper synchronization reset modulator.ff.q_tmp Async clk2
- Violation  Asynchronous reset does not have proper synchronization reset modulator.p2s.din_s Async clk2
B Violation  Asynchronous reset dees not have proper synchronization reset modulater.p2s.ps Async clk2

Fig. 12. CDC results from Questa CDC tool for one of the 4G configuration modes of the design.

encoder modulator
convo_valid_out ff
tm
« —D Q '_ano_valid_out E
c
clk[ > o —° '
2 ‘ conv_valid_in t EN Ql—-
I ck2 c =
conv_enc ‘ 2
clk2 [ > |
FTC

Modulator_mod

Fig. 13. Schematic of the first CDC violation in Fig. 12.

4G modes of the design is shown in Fig. 12, the first two violations are related to the
first CDC error (i.e., signals cross from encoder to the modulator), while the other 14
violations are related to the second CDC error (i.e., missing synchronization of the
asynchronous reset). The schematic of the first CDC error is shown in Fig. 13. The
design has to be fixed by using CDC data synchronizers for the crossing signals, and
an asynchronous reset synchronizer for the (reset) signal. Our proposed method can
be used again to verify the design after the design is fixed to make sure no more CDC
issues exist in the design.

7. Conclusion

The DPR technique has been used recently to implement complex systems such as
SDR systems. Using the DPR technique in digital designs needs more verification
efforts to make sure the design functionality is not altered after adopting the DPR
technique. In this paper, three functional verification approaches are presented for
DPR to verify: (1) the port connections of the RMs, (2) the dedicated logic added for
DPR activities, and (3) CDC signals in the designs. The port connections of the RMs
and the DPR dedicated logic are verified using ABV, the assertion properties can be
verified in simulation or formal verification. For CDC verification, it is a challenging
task for DRS designs due to the lack of CAD tools that support this kind of designs.
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In this paper, a complete automated flow for CDC verification is presented for DRS
designs. Designers can use this flow with no extra effort to create a new setup for
CDC verification, and it can be easily integrated into the design and verification
cycle of DRS designs. The verification approaches should be done on the RTL design
before moving to implement it on the FPGA to make sure of the correct functionality
of the design, as any error caught during verification will force the designs to restart
the implementation cycle after fixing the functional errors in the design. Using a case
study from literature, the paper demonstrated how the proposed verification flows
identify functional issues.

In Sec. 2, the previous works which addressed the verification of DPR, were pre-
sented. The previous works have the following disadvantages and limitations:

(1) They model the DPR activities using simulation-only artifacts (i.e., non-syn-
thesizable models), so they cannot be used with formal verification methods. The
testbenches used for testing the design should thoroughly cover all the corner
cases which is impractical in some cases.

(2) Extra effort is needed to set up the verification environment such as SystemC
modeling or OVM environment setup.

(3) When an error is caught, extra effort is needed to debug the error and pinpoint
the root cause of the issue, it can be related to non-DPR logic.

(4) They focused on simulation-based functional verification of DRS designs, there
are more advanced verification topics that are not still addressed for DRS designs
such as CDC verification.

This paper has proposed new methodologies for functional verification of DPR. The
proposed methodologies in this paper have some advantages when compared to the
existing works in literature:

(1) It models the connections of the RMs using SVA properties and verifies them
using ABV. The assertions can be used for formal verification or RTL simulation.
Also, it can be integrated with any previous work that performs RTL simulation.

(2) It enhances the observability, reduces the debug time, and improves error de-
tection. When an SVA assertion property fails in RTL simulation or formal
verification, it pinpoints to the root cause of the issue with no extra effort.

(3) The assertions can be synthesized on the FPGA to perform runtime verification
for DPR, this is not covered in this paper.

(4) It automates a framework for the CDC verification for designs which use DPR.
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