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PCI Express® (PCIe) is a point-to-point serial 
transceiver interconnect that provides higher transfer 
rates, increased bandwidth, and, hence, higher 
performance than its precursors: PCI and PCI-X. Its 
basic topology consists of an active root complex 
(downstream port) and an active endpoint (upstream 
port) device, wherein root complex signifies the root 
of an I/O hierarchy that connects the processor/
memory subsystem to an I/O. 

To a large extent, PCIe uses memory and completion 
request layer packets (TLP) to communicate 
information between memory mapped devices 
(transmitter and receiver). Memory requests transfer 
data to and from a memory mapped location and 
are typically categorized into memory write and 
memory read requests. Memory read requests 
must be completed by the receiver, also known as 
the completer. The size of memory read requests 
are limited by the transmitter configuration setting, 
known as maximum read request size (MRS). 

In real hardware systems, the read completion sizes 
for upstream read requests (initiated towards the root 
complex) are characteristics of the processor in use 
and the maximum payload size (request payload size) 
limitations of endpoint as a receiver. Out of various 
aspects to be considered while creating a read 
completion, important aspects of data associated 
with it are byte enables (valid data to be read), value 
of the read request, and address at which the request 
is initiated. 

For designs which tend to have DMA engines inside 
a system having PCIe, there is a need to characterize 
performance across various processor platforms. 
Verification IP should be modeled in such a way that 
it achieves different scenarios of sending completions 
for memory read requests; wherein, with each mode 
that the IP provides, the completion size varies. This 
provides flexibility to designers to set the completion 

size to a specific value when there is a need to 
characterize performance, or to model where the 
completion size is random when they are modeling 
processors that do not stick to a single size. The 
completions are returned in such a way that they 
must conform to the norms of maximum payload 
size settings of the completer/transmitter, read 
completion boundary value, and lower address  
rules as specified by the protocol.

This article covers the various ways with which  
a completion can be returned and how these ways 
can be implemented in software.

RULES FOR PCIE COMPLETIONS
Memory read requests are used to access PCIe 
memory, which can be completed by the receiver 
using one or sometimes multiple completions with 
certain data payloads. There are various factors  
which account for how these completions are sent  
by the device, as explained below.

Max_Payload_Size (MPS) 
Transmitter: The transmitter of a TLP with a data 
payload must not allow the data payload length  
as given by the TLP’s length field to exceed the  
length specified by the value in the MPS field  
of the transmitter’s device control register. 

Receiver: The size of the data payload of a received 
TLP as given by the TLP’s length field must not exceed 
the length specified by the value in the MPS field  
of the receiver’s device. 

Thus, the number of bytes returned in the completion 
for a memory read request must never exceed MPS 
settings of the completer and the device which 
initiated the memory read request (receiver  
of completion).
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Read Completion Boundary (RCB) 
Read completion boundary (RCB) determines the 
naturally aligned address boundaries on which a 
completer is permitted to break up the response 
for a single read request serviced with multiple 
completions. If a read request is initiated with a 
length greater than the MPS value, then such a 
request will be serviced with multiple completions.

Byte Enables 
The completion data area begins at the DWORD 
address specified by the request. In the first or only 
data DWORD of the first or only completion, only 
the bytes configured as active in the first BE field in 
the request contain valid data. Bytes configured as 
inactive in the first BE field in the request will return 
undefined content. 

In the last data DW of the last successful 
completion, only the bytes configured as active in 
the last BE field in the request contain valid data. 
Bytes configured as inactive in the last BE field in 
the request will return undefined content. 

Lower Address 
For all memory read completions, the lower address 
field must indicate the lower bits of the byte address 
for the first enabled byte of data returned with the 
completion. For the first (or only) completion, the 
completer can generate this field from the least 
significant five bits of the address of the request 
concatenated with two bits of byte-level address 
formed depending upon the value of byte enables.

For any subsequent completions, the lower address 
field will always be zero except for completions 
generated by a root complex with an RCB value  
of 64 bytes. 

QVIP FEATURES FOR  
RETURNING COMPLETIONS
Let us assume a requester generates a request 
that will be completed using multiple completions. 
There are two different switches on QVIP that 
control how these multiple completions will be 
serviced. Another configuration returns only single 
completion if the size of the read request is less 

than the MPS value. Each method makes sure 
that no protocol rules are violated. In all the cases 
mentioned below, MPS refers to the MPS of the 
system.

METHOD 1: SPLITTING 
COMPLETIONS RANDOMLY 
ON RCB BOUNDARY
The configuration splits completion randomly on 
RCB boundary. Once the lower address and RCB 
rules are complied, the length of the completions 
are calculated randomly. There is a configuration 
knob in QVIP to enable this method. 

Case I: MPS = 512 bytes, Length of Request = 
120h, RCB = 128 bytes, Address = 80h

Since the request is initiated at an address which 
aligns with the RCB boundary and the size of the 
request is greater than the MPS value, the request 
will be broken randomly.

Since this method of configuration randomly 
sets the completion length, the request may be 
completed with nine requests of length 20h, or 
a single request of 80h, followed by completion 
of length 40h and then 60h or numerous other 
possibilities.

Case II: MPS = 512 bytes, Length of Request = 
120h, RCB = 128 bytes, Address = 70h

The address at which the request is initiated 
does not align with the RCB boundary. The first 
completion will thus have a length that aligns with 
the RCB boundary that is 04h. The length of each 
subsequent completion will be randomly calculated.

Case III: MPS = 512 bytes, Length of Request = 
20h, RCB = 128 bytes, Address = 80h

Since the address at which the request is initiated 
already aligns with the RCB boundary, only one 
single completion will be sent.

Case IV: MPS = 512 bytes, Length of Request = 
20h, RCB = 128 bytes, Address = 70h



11VerificationHorizonsBlog.com

The first request will be broken at the RCB boundary 
and will have a length of 04h to align it with the RCB, 
and the remaining length (1Ch) will be present in the 
second completion.

 
METHOD 2: SPLITTING 
COMPLETIONS ON MULTIPLES  
OF RCB BOUNDARY  
This variable always splits the completion as a 
multiple of RCB. It breaks the first completion at the 
first RCB value. The length of the first completion 
will thus depend upon the address at which the 
request is initiated and the RCB value. All subsequent 
completions are then split at a multiple of the RCB 
value (= configuration_variable * RCB value). If this 
multiple is greater than the MPS of the device, then 
all subsequent completions will be split at the value 
equal to the MPS. If the total length of the request is 
less than the RCB multiple (i.e., configuration_variable 
* RCB value) then the request will be completed with 
a single completion irrespective of the address at 
which it is initiated.

Case I: MPS = 512 bytes, Length of Request =  
120h, RCB = 128 bytes, Addr= 80h

Subcase I: When the value of configuration  
is set to 1, rcb_multiple = 128 bytes

Since the request is initiated at an address which 
aligns with the RCB boundary and the size of the 
request is greater than the MPS value, the request 
will be broken into multiples of 128 bytes.

This request will be completed via nine 
completions, each of length 20h.

Subcase II: When the value of configuration  
is set to 2, rcb_multiple = 256 bytes

The request will be broken into multiples of 
256 bytes. This request will be completed via 
four completions, each of length 40h and one 
completion of length 20h.

Case II: MPS = 512 bytes, Length of Request =  
120h, RCB = 128 bytes, Addr = 70h

Subcase I: When the value of configuration  
is set to 1, rcb_multiple = 128 bytes

The address at which the request is initiated 
does not align with the RCB boundary. The first 
completion will thus have length that aligns with 
RCB boundary that is 04h. It will then be followed 
by eight completions each of length 20h and last 
completion having length 1Ch.

Subcase II: When the value of configuration  
is set to 2, rcb_multiple = 256 bytes

The first completion will be same as sub-case 
I. Difference lies in the length of subsequent 
completion which would be four completions of 
length 40h and last completion of length 1Ch. 

Case III: MPS = 512 bytes, Length of Request =  
20h, RCB = 128 bytes, Addr = 80h

Subcase I and Subcase II: When the value of 
configuration is set to 1, rcb_multiple = 128 bytes

The case is completed using a single completion 
with length 20h for both the subcases.

Case IV: MPS = 512 bytes, Length of Request =  
20h, RCB = 128 bytes, Addr = 70h

Subcase I: When the value of configuration  
is set to 1, rcb_multiple = 128 bytes

The address at which the request is initiated 
does not align with the RCB boundary. The first 
completion will thus have length that aligns with 
RCB boundary that is 04h. It will be followed by  
a single completion of length 1Ch.

Subcase II: When the value of configuration  
is set to 2, rcb_multiple = 256 bytes

In this case, the length of the request is less than 
the rcb_multiple value. The request is completed 
via a single completion of length 20h.
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METHOD 3: RETURNING 
SINGLE COMPLETIONS
This method will not split the completion as long as 
the length of the initiated request is less than the 
MPS value. If the length of the memory read request 
is less than the MPS value, then the request will be 
completed with only a single completion, irrespective 
of the address at which it is initiated.

Case I: MPS = 512 bytes, Length of Request = 
120h, RCB = 128 bytes, Address = 80h

Since the request is initiated at an address which 
aligns with the RCB boundary and the size of the 
request is greater than the MPS value, the request will 
be broken into multiple requests even if this knob is 
selected. 

The first and second completions will each have  
a length of 80h and the last completion will have 
a length of 20h.

Case II: MPS = 512 bytes, Length of Request = 
120h, RCB = 128 bytes, Address = 70h

The address at which the request is initiated does not 
align with the RCB boundary. The first completion 
will thus have a length that aligns with the RCB 
boundary, but unlike the other two methods it will 
not break the completion at the first RCB boundary. 
The first completion will include maximum possible 
length (calculated from the MPS size) such that the 
last address of the completion aligns with the RCB 
boundary.

For instance, in this case, the first completion 
will have a length of 64h. There will be two more 
completions, one of length 80h and the last one of 
length 3Ch.

Case III: MPS = 512 bytes, Length of Request = 
20h, RCB = 128 bytes, Address = 80h

The request will be completed with a single 
completion of length 20h.

Case IV: MPS = 512 bytes, Length of Request = 
20h, RCB = 128 byte, Address = 70h

The request will be completed with a single 
completion of length 20h.

RESULTS AND COMPARISONS

Legend
_____ Solid line: Starting address for completion 
------- Dotted Line: RCB aligned address

Figure 1: Case where MPS is 512 bytes, RCB is 128 
bytes, and a request of 1152 bytes (length = 120h) 
is initiated at an address of 70h. (1.1 above) Split 
completions returned randomly (1.2, next page) 
Split completions returned at multiples of the RCB 
boundary (1.3, next page) Single completions being 
returned.

Figure 1.1
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With each method of completion the protocol  
rules remain intact; what changes is the length field  
of the returned completion. Each method caters to  
the needs of widely varied customer environments. 
For instance, in testbenches that have large MPS and 
there is no limitation on the length of completion, 
Method 3 would be suitable. If a customer 
environment has a lower MPS value, then they may 
opt for Method 1 or Method 2. If with a lower MPS 
value uniform completions are expected to be 
received for optimal performance, then one can set 
the configuration knob to Method 2. Among Method 
2 also, if uniform completions with larger length can 
be received, then the configuration variable should 
be set to a higher value. If split completions with 
random size can be digested, then one may go  
for Method 1.

Thus, QVIP provides various configuration 
knobs, wherein users can control the way they 
send completions. Each method will impact the 
performance differently and is suited for different  
testbench scenarios. 
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