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Figure C.1: Microarchitecture of the LC-3b, major components

3. If that LC-3b instruction is a BR, whether the conditions for the branch have
been met (i.e., the state of the relevant condition codes).

4. If a memory operation is in progress, whether it is completing during this cycle.

Figure C.1 identifies the specific information in our implementation of the LC-3b
that corresponds to these five items. They are, respectively:

1. J[5:0], COND[1:0], and IRD—9 bits of control signals provided by the current
clock cycle.

2. inst[15:12], which identifies the opcode, and inst[11:11], which differentiates
JSR from JSRR (i.e., the addressing mode for the target of the subroutine call).

3. BEN to indicate whether or not a BR should be taken.
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Figure C.2: A state machine for the LC-3b
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Figure C.3: The LC-3b data path

provide you with the additional flexibility of more states, so we have selected a control
store consisting of 26 locations.
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Figure C.4: The control structure of a microprogrammed implementation, overall block
diagram

on the LC-3b instruction being executed during the current instruction cycle. This state
carries out the DECODE phase of the instruction cycle. If the IRD control signal in the
microinstruction corresponding to state 32 is 1, the output MUX of the microsequencer
(Figure C.5) will take its source from the six bits formed by 00 concatenated with the
four opcode bits IR[15:12]. Since IR[15:12] specifies the opcode of the current LC-
3b instruction being processed, the next address of the control store will be one of 16
addresses, corresponding to the 14 opcodes plus the two unused opcodes, IR[15:12] =
1010 and 1011. That is, each of the 16 next states is the first state to be carried out
after the instruction has been decoded in state 32. For example, if the instruction being
processed is ADD, the address of the next state is state 1, whose microinstruction is
stored at location 000001. Recall that IR[15:12] for ADD is 0001.

If, somehow, the instruction inadvertently contained IR[15:12] = 1010 or 1011, the
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Figure C.5: The microsequencer of the LC-3b base machine

unused opcodes, the microarchitecture would execute a sequence of microinstructions,
starting at state 10 or state 11, depending on which illegal opcode was being decoded.
In both cases, the sequence of microinstructions would respond to the fact that an
instruction with an illegal opcode had been fetched.

Several signals necessary to control the data path and the microsequencer are not
among those listed in Tables C.1 and C.2. They are DR, SR1, BEN, and R. Figure C.6
shows the additional logic needed to generate DR, SR1, and BEN.

The remaining signal, R, is a signal generated by the memory in order to allow the
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LC-3b to operate correctly with a memory that takes multiple clock cycles to read or
store a value.

Suppose it takes memory five cycles to read a value. That is, once MAR contains
the address to be read and the microinstruction asserts READ, it will take five cycles
before the contents of the specified location in memory are available to be loaded into
MDR. (Note that the microinstruction asserts READ by means of three control signals:
MIO.EN/YES, R.W/RD, and DATA.SIZE/WORD; see Figure C.3.)

Recall our discussion in Section C.2 of the function of state 33, which accesses
an instruction from memory during the fetch phase of each instruction cycle. For the
LC-3b to operate correctly, state 33 must execute five times before moving on to state
35. That is, until MDR contains valid data from the memory location specified by the
contents of MAR, we want state 33 to continue to re-execute. After five clock cycles,
the memory has completed the “read,” resulting in valid data in MDR, so the processor
can move on to state 35. What if the microarchitecture did not wait for the memory to
complete the read operation before moving on to state 35? Since the contents of MDR
would still be garbage, the microarchitecture would put garbage into IR in state 35.

The ready signal (R) enables the memory read to execute correctly. Since the mem-
ory knows it needs five clock cycles to complete the read, it asserts a ready signal
(R) throughout the fifth clock cycle. Figure C.2 shows that the next state is 33 (i.e.,
100001) if the memory read will not complete in the current clock cycle and state 35
(i.e., 100011) if it will. As we have seen, it is the job of the microsequencer (Figure
C.5) to produce the next state address.
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Figure C.7: Specification of the control store


