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device being scheduled on the PUSCH, the periodic report is “rerouted” and transmitted on
the PUSCH resources. Also, in this case there is no risk of mismatch in rate matching; the
transmission instants for periodic reports are configured by robust RRC signaling and the
eNodeB knows in which subframes such reports will be transmitted.

The channel coding of the CSI reports depends on the report size. For the smaller sizes
such as a periodic report that otherwise would have been transmitted on the PUCCH, the same
block coding as used for the PUCCH reports is used. For the larger reports, a tail-biting
convolutional code is used for CQI/PMI, whereas the RI uses a (3, 2) block code for a sin-
gle component carrier.

Unlike the data part, which relies on rate adaptation to handle different radio conditions,
this cannot be used for the L1/L2 control-signaling part. Power control could, in principle, be
used as an alternative, but this would imply rapid power variations in the time domain, which
negatively impact the RF properties. Therefore, the transmission power is kept constant over
the subframe and the amount of resource elements allocated to L1/L2 control signalingdthat
is, the code rate of the control signalingdis varied according to the scheduling decision for
the data of the data part. High data rates are typically scheduled when the radio conditions are
advantageous and hence a smaller amount of resource needs to be used by the L1/L2 control
signaling compared to the case of poor radio conditions. To account for different hybrid-ARQ
operating points, an offset between the code rate for the control-signaling part and the MCS
used for the data part can be configured via higher-layer signaling.

7.5 UPLINK POWER CONTROL
Uplink power control for LTE is the set of algorithms and tools by which the transmit power
for different uplink physical channels and signals are controlled to ensure that they, to the
extent possible, are received with the appropriate power. This means that the transmission
should be received with sufficient power to allow for proper demodulation of the corre-
sponding information. At the same time, the transmit power should not be unnecessarily high
as that would cause unnecessary interference to other transmissions in the same or other cells.
The transmit power will thus depend on the channel properties, including the channel
attenuation and the noise and interference level at the receiver side. Furthermore, in the case
of UL-SCH transmission on PUSCH, if the received power is too low one can either increase
the transmit power or reduce the data rate by use of rate control. Thus, for PUSCH trans-
mission there is an intimate relation between power control and the link adaptation (rate
control).

How to set the transmit power for random access is discussed in Chapter 11. Here we
mainly discuss the power-control mechanism for the PUCCH and PUSCH physical channels.
We also briefly discuss the power setting for SRS. Uplink DM-RS are always transmitted
together and time-multiplexed with PUSCH or PUCCH. The DM-RS are then transmitted
with the same power as the corresponding physical channel. This is also true in the case of
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uplink spatial multiplexing if the reference-signal power is defined as the total power of all
DM-RS transmitted by the device. Expressed differently, the power of a single DM-RS is
equal to the corresponding per-layer PUSCH power.

Fundamentally, LTE uplink power control is a combination of an open-loop mechanism,
implying that the device transmit power depends on estimates of the downlink path loss, and a
closed-loopmechanism, implying that the network can, in addition, directly adjust the device
transmit power by means of explicit power-control commands transmitted on the downlink. In
practice, these power-control commands are determined based on prior network measure-
ments of the received uplink power, thus the term “closed loop.”

7.5.1 UPLINK POWER CONTROL: SOME BASIC RULES

Before going into the details of the power-control algorithms for PUSCH and PUCCH, some
basic rules for the power assignment to different physical channels will be discussed. These
rules mainly deal with the presence of different transmit-power limitations and how these
limitations impact the transmit-power setting for different physical channels. This is espe-
cially of interest in the case of the simultaneous transmission of multiple physical channels
from the same device, a situation that may occur for LTE releases 10 and beyond:

• Release 10 introduced the possibility for carrier aggregation, implying that multiple
PUSCH may be transmitted in parallel on different component carriers.

• Release 10 also introduced the possibility for simultaneous PUSCH/PUCCH
transmission on the same or different component carriers.

In principle, each physical channel is separately and independently power controlled.
However, in the case of multiple physical channels to be transmitted in parallel from the same
device, the total power to be transmitted for all physical channels may, in some cases, exceed
the maximum device output power PTMAX corresponding to the device power class. As will
be seen below, the basic strategy is then to first ensure that transmission of any L1/L2 control
signaling is assigned the power assumed to be needed for reliable transmission. The
remaining available power is then assigned to the remaining physical channels.

For each uplink component carrier configured for a device there is also an associated and
explicitly configured maximum per-carrier transmit power PCMAX,c, which may be different
for different component carriers (indicated by the index c). Furthermore, although it obvi-
ously does not make sense for PCMAX,c to exceed the maximum device output power PTMAX,
the sum of PCMAX,c for all configured component carriers may very well, and typically will,
exceed PTMAX. The reason is that, in many cases, the device will not be scheduled for uplink
transmission on all its configured component carriers and the device should also in that case
be able to transmit with its maximum output power.

As will be seen in the next sections, the power control of each physical channel explicitly
ensures that the total transmit power for a given component carrier does not exceed PCMAX,c

for that carrier. However, the separate power-control algorithms do not ensure that the total
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transmit power for all component carriers to be transmitted by the device does not exceed the
maximum device output power PTMAX. Rather, this is ensured by a subsequent power scaling
applied to the physical channels to be transmitted. This power scaling is carried out in such a
way that any L1/L2 control signaling has higher priority, compared to data (UL-SCH)
transmission.

If PUCCH is to be transmitted in the subframe, it is first assigned the power determined by
its corresponding power-control algorithm, before any power is assigned to any PUSCH to be
transmitted in parallel PUCCH. This ensures that L1/L2 control signaling on PUCCH is
assigned the power assumed to be needed for reliable transmission before any power is
assigned for data transmission.

If PUCCH is not transmitted in the subframe but L1/L2 control signaling is multiplexed on
to PUSCH, the PUSCH carrying the L1/L2 control signaling is first assigned the power
determined by its corresponding power-control algorithm, before any power is assigned to
any other PUSCH to be transmitted in parallel. Once again, this ensures that L1/L2 control
signaling is assigned the power assumed to be needed before any power is assigned for other
PUSCH transmissions only carrying UL-SCH. Note that, in the case of transmission of
multiple PUSCH in parallel (carrier aggregation), at most one PUSCH may include L1/L2
control signaling. Also, there cannot be PUCCH transmission and L1/L2 control signaling
multiplexed on to PUSCH in the same subframe. Thus, there will never be any conflict be-
tween the said rules.

If the remaining available transmit power is not sufficient to fulfill the power requirements
of any remaining PUSCH to be transmitted, the powers of these remaining physical channels,
which only carry UL-SCH, are scaled so that the total power for all physical channels to be
transmitted does not exceed the maximum device output power.

Overall, the PUSCH power scaling, including the priority for PUSCH with L1/L2 control
signaling, can thus be expressed as:X

c

wc$PPUSCH;c � PTMAX � PPUCCH (7.2)

where PPUSCH,c is the transmit power for PUSCH on carrier c as determined by the power-control
algorithm (before power scaling but including the per-carrier limitation PCMAX,c), PPUCCH is the
transmit power for PUCCH (which is zero if there is no PUCCH transmission in the subframe), and wc

is the power-scaling factor for PUSCH on carrier c (wc � 1). For any PUSCH carrying L1/L2 control
signaling the scaling factor wc should be set to 1. For the remaining PUSCH, some scaling factors may
be set to zero by decision of the device, in practice implying that the PUSCH, as well as the corre-
sponding UL-SCH mapped to the PUSCH, are not transmitted. For the remaining PUSCH the scaling
factors wc are set to the same value less than or equal to 1 to ensure that the above inequality is fulfilled.
Thus, all PUSCH that are actually transmitted are power scaled by the same factor.

After this overview of some general rules for the power setting of different devices,
especially for the case of multiple physical channels transmitted in parallel from the same
device, the power control carried out separately for each physical channel will be described in
more detail.
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7.5.2 POWER CONTROL FOR PUCCH

For PUCCH, the appropriate received power is simply the power needed to achieve a
desireddthat is, a sufficiently lowderror rate in the decoding of the L1/L2 control infor-
mation transmitted on the PUCCH. However, it is then important to bear the following in
mind:

• In general, decoding performance is not determined by the received signal strength but
rather by the received signal-to-interference-plus-noise ratio (SINR). What is an
appropriate received power thus depends on the interference level at the receiver side, an
interference level that may differ between different deployments and which may also
vary in time as, for example, the load of the network varies.

• As previously described, there are different PUCCH formats which are used to carry
different types of uplink L1/L2 control information (hybrid-ARQ acknowledgments,
scheduling requests, CSI, or combinations thereof). The different PUCCH formats
thus carry different numbers of information bits per subframe and the information
they carry may also have different error-rate requirements. The required received
SINR may therefore differ between the different PUCCH formats, something that
needs to be taken into account when setting the PUCCH transmit power in a given
subframe.

Overall, power control for PUCCH can be described by the following expression:

PPUCCH ¼ min
�
PCMAX;c;P0;PUCCH þ PLDL þ DFormat þ d

�
(7.3)

where PPUCCH is the PUCCH transmit power to use in a given subframe and PLDL is the
downlink path loss as estimated by the device. The “min {PCMAX,c,.}” term ensures that the
PUCCH transmit power as determined by the power control will not exceed the per-carrier
maximum power PCMAX,c.

The parameter P0,PUCCH in expression (7.3) is a cell-specific parameter that is broadcast
as part of the cell system information. Considering only the part P0,PUCCH þ PLDL in the
PUCCH power-control expression and assuming that the (estimated) downlink path loss
accurately reflects the true uplink path loss, it is obvious that P0,PUCCH can be seen as the
desired or target received power. As discussed earlier, the required received power will
depend on the uplink noise/interference level. From this point of view, the value of P0,PUCCH

should take the interference level into account and thus vary in time as the interference
level varies. However, in practice it is not feasible to have P0,PUCCH varying with the
instantaneous interference level. One simple reason is that the device does not read the
system information continuously and thus the device would anyway not have access to a
fully up-to-date P0,PUCCH value. Another reason is that the uplink path-loss estimates
derived from downlink measurements will anyway not be fully accurate, for example due to
differences between the instantaneous downlink and uplink path loss and measurement
inaccuracies.
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Thus, in practice, P0,PUCCH may reflect the average interference level, or perhaps only the
relatively constant noise level. More rapid interference variations can then be taken care of by
closed-loop power control, see below.

For the transmit power to reflect the typically different SINR requirements for different
PUCCH formats, the PUCCH power-control expression includes the termDFormat, which adds
a format-dependent power offset to the transmit power. The power offsets are defined such
that a baseline PUCCH format, more exactly the format corresponding to the transmission of
a single hybrid-ARQ acknowledgment (format 1 with BPSK modulation, as described in
Section 7.4.1.1), has an offset equal to 0 dB, while the offsets for the remaining formats can
be explicitly configured by the network. For example, PUCCH format 1 with QPSK mod-
ulation, carrying two simultaneous acknowledgments and used in the case of downlink spatial
multiplexing, should have a power offset of roughly 3 dB, reflecting the fact that twice as
much power is needed to communicate two acknowledgments instead of just a single
acknowledgment.

Finally, it is possible for the network to directly adjust the PUCCH transmit power by
providing the device with explicit power-control commands that adjust the term d in the
power-control expression (7.3). These power-control commands are accumulativedthat is,
each received power-control command increases or decreases the term d by a certain amount.
The power-control commands for PUCCH can be provided to the device by two different
means:

• As mentioned in Section 6.4, a power-control command is included in each downlink
scheduling assignmentdthat is, the device receives a power-control command every
time it is explicitly scheduled on the downlink. One reason for uplink PUCCH
transmissions is the transmission of hybrid-ARQ acknowledgments as a response to
downlink DL-SCH transmissions. Such downlink transmissions are typically associated
with downlink scheduling assignments on PDCCH and the corresponding power-control
commands could thus be used to adjust the PUCCH transmit power prior to the
transmission of the hybrid-ARQ acknowledgments.

• Power-control commands can also be provided on a special PDCCH that simultaneously
provides power-control commands to multiple devices (PDCCH using DCI format 3/3A;
see Section 6.4.8). In practice, such power-control commands are then typically
transmitted on a regular basis and can be used to adjust the PUCCH transmit power, for
example prior to (periodic) uplink CSI reports. They can also be used in the case of semi-
persistent scheduling (see Chapter 9), in which case there may be uplink transmission of
both PUSCH (UL-SCH) and PUCCH (L1/L2 control) without any explicit scheduling
assignments/grants.

The power-control command carried within the uplink scheduling grant consists of two
bits, corresponding to the four different update steps �1, 0, þ1, or þ3 dB. The same is true
for the power-control command carried on the special PDCCH assigned for power control

220 CHAPTER 7 UPLINK PHYSICAL-LAYER PROCESSING

Samsung Electronics Co., Ltd. v. Asus Tech Licensing EX-1006, 7 of 12



when this is configured to DCI format 3A. On the other hand, when the PDCCH is configured
to use DCI format 3, each power-control command consists of a single bit, corresponding to
the update steps �1 and þ1 dB. In the latter case, twice as many devices can be power
controlled by a single PDCCH. One reason for including the possibility for 0 dB (no change
of power) as one power-control step is that a power-control command is included in every
downlink scheduling assignment and it is desirable not to have to update the PUCCH transmit
power for each assignment.

7.5.3 POWER CONTROL FOR PUSCH

Power control for PUSCH transmission can be described by the following expression:

PPUSCH;c ¼ min
�
PCMAX;c � PPUCCH;P0;PUSCH þ a$PLDL þ 10$log10ðMÞ þ DMCS þ d

�
(7.4)

where M indicates the instantaneous PUSCH bandwidth measured in number of resource blocks and
the term DMCS is similar to the term DFormat in the expression for PUCCH power controldthat is, it
reflects the fact that different SINR is required for different modulation schemes and coding rates used
for the PUSCH transmission.

Equation (7.4) is similar to the power-control expression for PUCCH transmission, with
some key differences:

• The use of “PCMAX,c � PPUCCH” reflects the fact that the transmit power available for
PUSCH on a carrier is the maximum allowed per-carrier transmit power after power has
been assigned to any PUCCH transmission on that carrier. This ensures priority of L1/L2
signaling on PUCCH over data transmission on PUSCH in the power assignment, as
described in Section 7.5.1.

• The term 10$log10(M) reflects the fact that what is fundamentally controlled by the
parameter P0,PUSCH is the power per resource block. For a larger resource assignment, a
correspondingly higher received power and thus a correspondingly higher transmit
power is needed.28

• The parameter a, which can take a value smaller than or equal to 1, allows for so-called
partial path-loss compensation, as described in the following.

In general, the parameters P0,PUSCH, a, and DMCS can be different for the different
component carriers configured for a device.

In the case of PUSCH transmission, the explicit power-control commands controlling the
term d are included in the uplink scheduling grants, rather than in the downlink scheduling
assignments. This makes sense as PUSCH transmissions are preceded by an uplink sched-
uling grant except for the case of semi-persistent scheduling. Similar to the power-control
commands for PUCCH in the downlink scheduling assignment, the power-control

28One could also have included a corresponding term in the equation for PUCCH power control. However, as the PUCCH
bandwidth always corresponds to one resource block, the term would always equal zero.
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commands for PUSCH are multi-level. Furthermore, also in the same way as for PUCCH
power control, explicit power-control commands for PUSCH can be provided on the special
PDCCH that simultaneously provides power-control commands to multiple devices. These
power-control commands can, for example, be used for the case of PUSCH transmission
using semi-persistent scheduling.

Assuming a equal to 1, also referred to as full path-loss compensation, the PUSCH power-
control expression becomes very similar to the corresponding expression for PUCCH. Thus,
the network can select a MCS and the power-control mechanism, including the term DMCS,
will ensure that the received SINR will match the SINR required for that MCS, assuming that
the device transmit power does not reach its maximum value.

In the case of PUSCH transmission, it is also possible to “turn off” the DMCS function by
setting all DMCS values to zero. In that case, the PUSCH received power will be matched to a
certain MCS given by the selected value of P0,PUSCH.

With the parameter a less than 1, the PUSCH power control operates with so-called partial
path-loss compensationdthat is, an increased path loss is not fully compensated for by a
corresponding increase in the uplink transmit power. In that case, the received power, and thus
the received SINR per resource block, will vary with the path loss and, consequently, the
scheduled MCS should vary accordingly. Clearly, in the case of fractional path-loss
compensation, the DMCS function should be disabled. Otherwise, the device transmit po-
wer would be further reduced when the MCS is reduced to match the partial path-loss
compensation.

Figure 7.34 illustrates the differences between full path-loss compensation (a ¼ 1) and
partial path-loss compensation (a < 1). As can be seen, with partial path-loss compensation,
the device transmit power increases more slowly than the increase in path loss (left in the
figure) and, consequently, the received power, and thus also the received SINR, is reduced as
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FIGURE 7.34

Full versus partial path-loss compensation. Solid curve: full compensation (a ¼ 1). Dashed curve: partial

compensation (a ¼ 0.8).
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the path loss increases (right in the figure). To compensate for this, the MCSdthat is, the
PUSCH data ratedshould be reduced as the path loss increases.

The potential benefit of partial path-loss compensation is a relatively lower transmit
power for devices closer to the cell border, implying less interference to other cells. At the
same time, this also leads to a reduced data rate for these devices. It should also be noted that
a similar effect can be achieved with full path-loss compensation by having the scheduled
MCS depend on the estimated downlink path loss, which can be derived from the power
headroom report, and rely on DMCS to reduce the relative device transmit power for devices
with higher path loss. However, an even better approach would then be to not only base the
MCS selection on the path loss to the current cell, but also on the path loss to the neighboring
interfered cells.

7.5.4 POWER CONTROL FOR SRS

The SRS transmit power basically follows that of the PUSCH, compensating for the exact
bandwidth of the SRS transmission and with an additional power offset. Thus, the power
control for SRS transmission can be described according to the equation:

PSRS ¼ min
�
PCMAX;c;P0;PUSCH þ a$PLDL þ 10$log10ðMSRSÞ þ dþ PSRS

�
(7.5)

where the parameters P0,PUSCH, a, and d are the same as for PUSCH power control, as discussed in
Section 7.5.3. Furthermore, MSRS is the bandwidth, expressed as number of resource blocks, of the
SRS transmission and PSRS is a configurable offset.

7.6 UPLINK TIMING ALIGNMENT
The LTE uplink allows for uplink intra-cell orthogonality, implying that uplink transmissions
received from different devices within a cell do not cause interference to each other. A
requirement for this uplink orthogonality to hold is that the signals transmitted from different
devices within the same subframe but within different frequency resources (different resource
blocks) arrive approximately time aligned at the base station. More specifically, any timing
misalignment between received signals should fall within the cyclic prefix. To ensure such
receiver-side time alignment, LTE includes a mechanism for transmit-timing advance.

In essence, timing advance is a negative offset, at the device, between the start of a
received downlink subframe and a transmitted uplink subframe. By controlling the offset
appropriately for each device, the network can control the timing of the signals received at the
base station from the devices. Devices far from the base station encounter a larger propa-
gation delay and therefore need to start their uplink transmissions somewhat in advance,
compared to devices closer to the base station, as illustrated in Figure 7.35. In this specific
example, the first device is located close to the base station and experiences a small propa-
gation delay, TP,1. Thus, for this device, a small value of the timing advance offset TA,1 is
sufficient to compensate for the propagation delay and to ensure the correct timing at the base
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• To reduce padding. If the amount of padding required to match the scheduled transport
block size is larger than a buffer-status report, a buffer-status report is inserted as it is
better to exploit the available payload for useful scheduling information instead of
padding, if possible.

9.3.4 POWER HEADROOM REPORTS

In addition to buffer status, the amount of transmission power available in each device is also
relevant for the uplink scheduler. There is little reason to schedule a higher data rate than the
available transmission power can support. In the downlink, the available power is immedi-
ately known to the scheduler as the power amplifier is located in the same node as the
scheduler. For the uplink, the power availability, or power headroom, needs to be provided to
the eNodeB. Power headroom reports are therefore transmitted from the device to the eNodeB
in a similar way as the buffer-status reports, that is, only when the device is scheduled to
transmit on the UL-SCH. A power headroom report can be triggered for the following
reasons:

• Periodic reporting as controlled by a timer.
• Change in path loss (when the difference between the current power headroom and the

last report is larger than a configurable threshold).
• To reduce padding (for the same reason as buffer-status reports).

It is also possible to configure a prohibit timer to control the minimum time between two
power-headroom reports and thereby the signaling load on the uplink.

There are two different types of power-headroom reports defined in LTE, Type 1 and Type
2. Type 1 reporting reflects the power headroom assuming PUSCH-only transmission on the
carrier, while the Type 2 report, introduced in release 10, assumes combined PUSCH and
PUCCH transmission.

The Type 1 power headroom, valid for a certain subframe (and a certain component
carrier) and assuming that the device was scheduled for PUSCH transmission in that sub-
frame, is given (in dB) by

Power Headroom ¼ PCMAX;c �
�
P0;PUSCH þ a$PLDL þ 10$log10ðMÞ þ DMCS þ d

�
(9.1)

where the values for M and DMCS correspond to the resource assignment and modulation-and-coding
scheme used in the subframe to which the power-headroom report corresponds.2 The quantity d cap-
tures the change in transmission power due to the closed-loop power control as described in Chapter 7.
The explicitly configured maximum per-carrier transmit power for component carrier c is denoted,
PCMAX,c. It can be noted that the power headroom is not a measure of the difference between the
maximum per-carrier transmit power and the actual carrier transmit power. Rather, it can be seen that
the power headroom is a measure of the difference between PCMAX,c and the transmit power that would
have been used assuming that there would have been no upper limit on the transmit power. Thus, the

2In case of carrier aggregation, type 1 reports are supported for each of the component carriers.
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power headroom can very well be negative, indicating that the per-carrier transmit power was limited
by PCMAX,c at the time of the power headroom reporting, that is, the network has scheduled a higher
data rate than the device can support given the available transmission power. As the network knows
what modulation-and-coding scheme and resource size the device used for transmission in the sub-
frame to which the power-headroom report corresponds, it can determine the valid combinations of
modulation-and-coding scheme and resource size M, assuming that the downlink path loss PLDL and
the term d have not changed substantially.

Type 1 power headroom can also be reported for subframes where there is no actual
PUSCH transmission. In such cases, 10$log10(M) and DMCS in the expression above are set to
zero. This can be seen as the power headroom assuming a default transmission configuration
corresponding to the minimum possible resource assignment (M ¼ 1) and the modulation-
and-coding scheme associated with DMCS ¼ 0 dB.

Similarly, Type 2 power headroom reporting is defined as the difference between the
maximum per-carrier transmit power and the sum of the PUSCH and PUCCH transmit power
(Eqs. (7.4) and (7.3), respectively), once again not taking into account any maximum per-
carrier power when calculating the PUSCH and PUCCH transmit power.3

Along the lines of Type 1 power headroom reporting, the Type 2 power headroom can also
be reported for subframes in which no PUSCH and/or PUCCH is transmitted. In that case a
virtual PUSCH and PUCCH transmit power is calculated, assuming the smallest possible
resource assignment (M ¼ 1) and DMCS ¼ 0 dB for PUSCH and DFormat ¼ 0 for PUCCH.

9.4 TIMING OF SCHEDULING ASSIGNMENTS/GRANTS
The scheduling decisions, downlink scheduling assignments and uplink scheduling grants,
are communicated to each of the scheduled devices through the downlink L1/L2 control
signaling as described in Chapter 6, using one (E)PDCCH per downlink assignment. Each
device monitors a set of (E)PDCCHs for valid scheduling assignment or grants and, upon
detection of a valid assignment or grant, receives PDSCH or transmits PUSCH, respectively.
The device needs to know which subframe the scheduling command relates to.

9.4.1 DOWNLINK SCHEDULING TIMING

For downlink data transmission, the scheduling assignment is transmitted in the same sub-
frame as the data. Having the scheduling assignment in the same subframe as the corre-
sponding data minimizes the latency in the scheduling process. Also, note that there is no
possibility for dynamically scheduling future subframesddata and the scheduling assign-
ment are always in the same subframe. This holds for FDD as well as TDD.

3In case of carrier aggregation, type 2 reports are supported for the primary component carrier only, as PUCCH cannot be
transmitted on a secondary component carrier (prior to release 13).
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